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ABSTRACT 
 
Acid gas is primarily a mixture of carbon dioxide (CO2) and hydrogen sulfide (H2S) and is the main by-
product of the sweetening of sour natural gas. The reliable characterization of acid gas mixtures is essen-
tial for the optimal design of subsurface acid gas disposal operations (Acid Gas Injection, AGI), which is 
an environmental friendly method of dealing with such mixtures. The design of AGI schemes, requires 
the knowledge of the transport properties, such as viscosity, of the acid gas mixtures at typical reservoir 
conditions. Due to the high toxicity of hydrogen sulfide (H2S), there is practically no available experi-
mental data for these mixtures, and therefore, viscosity predictive models are highly required. 
      After investigating the viscosity predictive methods available in the literature, the latest viscosity cor-
relation for hydrogen sulfide (Galliero et al. 2008), was improved by including the dilute gas viscosity 
calculations of Hellmann et al. (2010). The improved viscosity correlation is reproducing very accurately 
the latest H2S viscosity calculations, with an average absolute deviation, AAD= 0.09 %, BIAS= -0.03 %, 
and maximum absolute deviation MxD= 1.10 %. The improved correlation was also used to predict the 
viscosity of pure H2S in various thermodynamic conditions of petroleum interest. The method was com-
pared with REFPROP8 software package by the National Institute of Standards and Technology (NIST), 
with average absolute deviations below 5 % whatever the thermodynamic conditions, vapour, liquid or 
supercritical. 
      The zero density viscosity of the binary H2S-CO2 (Acid Gas) mixture was predicted by using four 
methods (Reichenberg 1974-1979, Chung et al. 1984-1988, Lucas 1980-1984, Galliero et al. 2009) along 
with REFPROP8 software. The predictions of all methods were compared to the results obtained by the 
application of the Kinetic Theory of gases. The absolute deviations were always less than 5 %, except for 
the results provided by REFPROP8, where the absolute deviation was higher than 5 % for H2S-CO2 mix-
tures rich in H2S. 
      The improved H2S viscosity correlation was implemented in the Vesovic-Wakeham (VW) method 
and the predictions were compared to REFPROP8 and to the Galliero et al. method that was extended to 
mixtures. The comparison was performed in various thermodynamic conditions of petroleum interest 
(vapour, liquid, supercritical) with average absolute deviations always less than 5 %. The three methods 
were also used to calculate the viscosity of three natural gases rich in H2S, for which experimental viscos-
ity data exist. The absolute deviations of REFPROP8 and VW method were in all cases less than 10 %.  
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Viscosity of Acid Gas 
Giovanidis, I. 
Vesovic, V. and Riesco, N. 
 
 
 
Abstract 
Acid gas is primarily a mixture of carbon dioxide (CO2) and hydrogen sulfide (H2S) and is the main byproduct of the sweeten-
ing of sour natural gas. The reliable characterization of acid gas mixtures is essential for the optimal design of subsurface acid 
gas disposal operations (Acid Gas Injection, AGI), which is an environmental friendly method of dealing with such mixtures. 
The design of AGI schemes, requires the knowledge of the transport properties, such as viscosity, of the acid gas mixtures at 
typical reservoir conditions. Due to the high toxicity of hydrogen sulfide (H2S), there is practically no available experimental 
data for these mixtures, and therefore, viscosity predictive models are highly required. 
      After investigating the viscosity predictive methods available in the literature, the latest viscosity correlation for hydrogen 
sulfide (Galliero et al. 2008), was improved by including the dilute gas viscosity calculations of Hellmann et al. (2010). The 
improved viscosity correlation is reproducing very accurately the latest H2S viscosity calculations, with an average absolute 
deviation, AAD= 0.09 %, BIAS= -0.03 %, and maximum absolute deviation MxD= 1.10 %. The improved correlation was 
also used to predict the viscosity of pure H2S in various thermodynamic conditions of petroleum interest. The method was 
compared with REFPROP8 software package by the National Institute of Standards and Technology (NIST), with average 
absolute deviations below 5 % whatever the thermodynamic conditions, vapour, liquid or supercritical. 
      The zero density viscosity of the binary H2S-CO2 (Acid Gas) mixture was predicted by using four methods (Reichenberg 
1974-1979, Chung et al. 1984-1988, Lucas 1980-1984, Galliero et al. 2009) along with REFPROP8 software. The predictions 
of all methods were compared to the results obtained by the application of the Kinetic Theory of gases. The absolute devia-
tions were always less than 5 %, except for the results provided by REFPROP8, where the absolute deviation was higher than 
5 % for H2S-CO2 mixtures rich in H2S. 
      The improved H2S viscosity correlation was implemented in the Vesovic-Wakeham (VW) method and the predictions 
were compared to REFPROP8 and to the Galliero et al. method that was extended to mixtures. The comparison was performed 
in various thermodynamic conditions of petroleum interest (vapour, liquid, supercritical) with average absolute deviations al-
ways less than 5 %. The three methods were also used to calculate the viscosity of three natural gases rich in H2S, for which 
experimental viscosity data exist. The absolute deviations of REFPROP8 and VW method were in all cases less than 10 %.  
 
Introduction and Background 
For the decades to come, natural gas will be one of the most important sources of energy to meet the increasing energy de-
mands. In the past, oil and gas exploration and production companies have preferentially produced natural gas from reservoirs 
which were technically the easiest to develop. Nowadays, in order to meet the constant increase in demand of natural gas, the 
operators produce more and more from reservoirs with high hydrogen sulfide (H2S) content in the gas (sour gas reservoirs). A 
large amount (approximately 40%), of the world’s gas reserves remaining to be produced are sour (Lalleland et al. 2005). 
      During the last decades, the environmental regulations for the emissions of greenhouse gases are becoming more and more 
stringent (Jamaluddin et al. 1996). In addition, the produced natural gas should meet the transmission pipeline specifications; 
the presence of contaminants such as hydrogen sulfide (H2S) and carbon dioxide (CO2) reduce its heating value. There are a lot 
of different methods used in the petroleum industry in order to remove these impurities (H2S, CO2) from the produced natural 
gas. Some of these methods are: Amine Gas Treating (Price et al. 1986), Iron Sponge (Anerousis and Whitman 1984), the use 
of Bioreactors (Fidler et al. 2005) etc. 
      As a result of the natural gas desulfurization (or sweetening) processes, gas streams (acid gas) mainly consisting of hydro-
gen sulfide (H2S) and carbon dioxide (CO2) are present in the gas processing plants. The combined mole fractions of H2S and 
CO2 in those streams are in excess of 95%. If there is a large quantity of hydrogen sulfide present in the gas stream, it can be 
converted to elemental sulfur by using a Claus process plant (Gene Goar 1974). However, sulfur production should be larger 
than 10-20 tonne/d for the process to be economically viable. In the past and for small scale production schemes, small quanti-
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ties of acid gas could be flared. However, as the environmental regulations become more strict, this is no longer an acceptable 
practice. The new alternative for treating acid gas streams, and one of the most evolving technologies of the recent decades, is 
the acid gas injection (AGI) (Carroll et al. 2009).   
      The design of acid gas injection process (AGI) requires the knowledge of the thermophysical properties of the acid gas 
mixture that is going to be injected. Nevertheless, reliable experimental data regarding these properties are very scarce. Espe-
cially, in the case of hydrogen sulfide (H2S), and due to its high toxicity, there are practically no available experimental data. 
This lack of information is even more pronounced regarding the transport properties of these mixtures, such as viscosity, at 
typical reservoir conditions (high pressures and temperatures). Thus, accurate viscosity predictive models are required, as vis-
cosity is one of the key properties for the design of the acid gas disposal (Galliero et al. 2009). 
      This work investigates all the available in the literature predictive methods used to assess the viscosity of pure H2S and 
acid gas mixtures. The main objective of the project was to find the most accurate viscosity predictive method for the pure H2S 
and improve it by including the latest H2S dilute gas viscosity calculations of Hellmann et al. (2010). The latest and most accu-
rate reference viscosity correlation for pure H2S by Galliero et al. (2008) was improved, and is able to reproduce very accu-
rately the latest theoretical dilute gas viscosity calculations. 
 
Methodology 
In this section we will briefly discuss the viscosity prediction methods used in this work for the following cases: the pure H2S 
dilute gas region, the pure H2S dense region, the H2S-CO2 mixture dilute gas region, and the H2S-CO2 mixture dense region. 
 
H2S dilute gas region. At relatively low pressures (low densities), the gas viscosity does not depend on density and is only 
temperature dependent. In the limit of zero density, the viscosity is referred to as the zero density or dilute gas viscosity 
[η0(T)]; in this paper the dilute gas viscosity of pure hydrogen sulfide (H2S) was calculated by using the viscosity predictive 
methods of Chung et al. (1988) [semi-empirical correlation based on a rigorous approach of the elementary Kinetic Theory of 
gases by Chapman-Enskog, Appendix C], Lucas (1980-1983) [semi-empirical correlation based on the Chapman-Enskog theo-
ry and a corresponding states approach, Appendix C], the dilute gas viscosity term of Galliero et al. (2008) method (the meth-
od was developed based on molecular dynamics simulation results of the Lennard-Jones fluid, Equation 7), and the software 
package REFPROP (Version 8.0) by NIST. The latest H2S zero density viscosity calculations of Hellmann et al. (2010) were 
used as a reference for the evaluation of all the above methods.   
      REFPROP (Version 8.0) by NIST (Lemmon et al. 2007). The National Institute of Standards and Technology (NIST) has 
developed a software package for the calculation of fluid thermodynamic and transport properties, called REFPROP. The lat-
est version of the software (REFPROP 8.0) uses the most up-to-date and accurate correlations for predicting the thermodynam-
ic properties of pure fluids and mixtures. For the prediction of viscosity, each substance has its own reference correlation eval-
uated by NIST. In this work, along with other predictive methods, REFPROP 8.0 package was used for the viscosity calcula-
tion of pure H2S and of the binary H2S-CO2 acid gas mixture for both the dilute gas and dense region. 
      Hellmann et al. (2010). This is an unpublished study that includes the latest dilute gas viscosity calculations for hydrogen 
sulfide (H2S). The viscosity has been calculated in the rigid-rotor approximation using an intermolecular potential energy 
hypersurface and the classical trajectory method (Hellmann et al. 2010). The accuracy of these calculations when compared to 
the available H2S dilute gas viscosity experimental data is of the order of 0.5-1 % (Vesovic V. personal communication).  
 
H2S dense region: In the dense region of pure H2S, the software package REFPROP8 by NIST, and Galliero et al. (2008) 
methods were used for the estimation of H2S viscosity. The essential elements of Galliero et al. (2008) method are summarized 
here and the reader is redirected to the original reference for more details (Galliero et al. 2008).  
      Galliero et al. (2008). In the work of Galliero et al. it is assumed that the hydrogen sulfide (H2S) molecule can be correctly 
described by a one center spherical particle. In order to describe intermolecular interactions occurring between two particles 
(total interaction potential), Galliero et al. introduce the “isotropic dipolar potential” (IDP), which is a simple Lennard-Jones 
(12-6) intermolecular potential with the only difference being the temperature dependent molecular parameters σpol and εpol in 
order to account for the dipole nature of H2S. The isotropic dipolar potential is given by the following equation:  
 
𝑈𝑡𝑜𝑡 = 4𝜀𝑝𝑜𝑙 [(
𝜎𝑝𝑜𝑙
𝑟
)
12
− (
𝜎𝑝𝑜𝑙
𝑟
)
6
]                                                                                                                                                (1) 
 
The temperature dependent molecular parameters σpol and εpol are given by: 
 
𝜎𝑝𝑜𝑙 =
𝜎6
𝐹
                                                                                                                                                                                       (2)  
 
𝜀𝑝𝑜𝑙 = 𝜀𝐹
2                                                                                                                                                                                     (3) 
 
𝐹 = 1 +
𝜇4
12𝑘𝐵∙𝑇∙𝜀∙𝜎
6                                                                                                                                                                        (4) 
 
where:  r = the intermolecular separation (Å), 𝜅𝐵 = Boltzmann Constant (J/K), 𝜀 = the potential well depth (J/mol), T = Tem-
perature (K), 𝜎 = the intermolecular distance in which the potential is zero “molecular diameter” (Å). 
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The formulation of the total interaction potential as an “isotropic dipolar potential” enables the treatment of the dipolar mole-
cule of hydrogen sulfide as a simple Lennard-Jones sphere, thus allowing the use of the numerous results on the Lennard-Jones 
fluid available in the literature. 
      Galliero et al. have used molecular dynamics simulations in order to develop an empirical correlation that gives an accurate 
estimation of the LJ fluid viscosity as a function of temperature and density for a wide range of thermodynamic conditions 
(gas, liquid and supercritical). This correlation can be written as: 
 
𝜂 =
√𝑀𝑊∙𝜀𝑝𝑜𝑙
𝜎𝑝𝑜𝑙
2 [
5
16Ω𝜈
√
𝑇∗
𝜋
+ 𝛼1(𝑒
𝛼2𝜚
∗
− 1) + 𝛼3(𝑒
𝛼4𝜚
∗
− 1) +
𝛼5(𝑒
𝛼6𝜚
∗
−1)
(𝑇∗)2
]                                                                                 (5) 
 
where: η = Viscosity (μPa∙s), MW = Molecular weight (g/mol), σpol and εpol = Temperature dependent molecular parameters,                
𝑇∗ =
𝜅𝐵𝑇
𝜖𝑝𝑜𝑙
 the dimensionless temperature, 𝜚∗ =
𝜚𝜎𝑝𝑜𝑙
3
𝑀𝑊
 the dimensionless density, Ων = the viscosity collision integral, which, for 
0.3 ≤ 𝑇∗ ≤ 100, can be estimated by the correlation of Neufeld et al. (1972) [Equation C-2, Appendix C]. 
 
For 0 ≤ 𝜚/𝜚𝑐 < 4.05 and 0.45 ≤ 𝑇/𝑇𝑐 < 4.53 the deviations between the above correlation (Equation 5) and the molecular 
dynamics simulation data were always less than 6%. The numerical coefficients used in the residual viscosity part of Equation 
5 are the following: α1 = 0.062692, α2 = 4.095577, α3 =-8.743269∙10
-6, α4 = 11.12492, α5 = 2.542477∙10
-6, α6 = 14.863984. 
The above correlation (Equation 5) for the viscosity prediction of H2S, can be written as the sum of a dilute gas term and of a 
residual viscosity term, as follows: 
 
 
𝜂(𝜚, 𝑇) = 𝜂0(𝑇) + Δ𝜂(𝜚, 𝑇)                                                                                                                                                         (6) 
 
where:  
 
 𝜂0(𝑇) =
√𝑀𝑊∙𝜀𝑝𝑜𝑙
𝜎𝑝𝑜𝑙
2 (
5
16Ω𝜈
√
𝑇∗
𝜋
)  the dilute gas term                                                                                                                      (7) 
 
 
Δ𝜂(𝜚, 𝑇) =
√𝑀𝑊∙𝜀𝑝𝑜𝑙
𝜎𝑝𝑜𝑙
2 [𝛼1(𝑒
𝛼2𝜚
∗
− 1) + 𝛼3(𝑒
𝛼4𝜚
∗
− 1) +
𝛼5(𝑒
𝛼6𝜚
∗
−1)
(𝑇∗)2
] the residual viscosity term                                            (8) 
 
The method can be extended for mixtures by applying a correction factor Ac=0.95 to the dilute gas term of the method (Equa-
tion 7), and based on a corresponding states approach by defining the following mixing (Van der Waals one fluid approxima-
tion) and combining rules (Galliero et al. 2009): 
 
Mixing Rules:           
 
𝑚𝑥 = ∑ 𝑥𝑖𝑚𝑖
𝑁
𝑖=1                                                                                                                                                                             (9) 
 
𝜎𝑥
3 = ∑ ∑ 𝑥𝑖𝑥𝑗𝜎𝑖𝑗
3𝑁
𝑗=1
𝑁
𝑖=1                                                                                  (10) 
 
𝜀𝑥𝜎𝑥
3 = ∑ ∑ 𝑥𝑖𝑥𝑗𝜀𝑖𝑗𝜎𝑖𝑗
3𝑁
𝑗=1
𝑁
𝑖=1                                                                                                                                                        (11) 
 
Combining Rules: 
 
𝜎𝑖𝑗 = (
𝜎𝑖𝑖
3+𝜎𝑗𝑗
3
2
)
1/3
                                                                                                                                                                        (12) 
 
𝜀𝑖𝑗 = (
𝜀𝑖𝑖𝜎𝑖𝑖
3+𝜀𝑗𝑗𝜎𝑗𝑗
3
2𝜎𝑖𝑗
3 )                                                                                                                                                                      (13) 
 
 
where 𝑥𝑖 and 𝑚𝑖 are the mole fraction and molecular mass of component i respectively. 
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Dilute gas region of H2S-CO2 binary mixture. In this work, the zero density viscosity of the H2S-CO2 binary gas mixture 
was calculated by using the extended for mixtures methods of Chung et al. (Chung et al. Rules 1984, 1988) [Appendix C], 
Lucas (Lucas Rules, 1980, 1983, 1984a) [Appendix C], Galliero et al. (2009), and the software package REFPROP8 by NIST. 
The calculations by using the Kinetic Theory of gases (Equation C-8, Appendix C) were used as a reference for the evaluation 
of all the above methods.   
 
H2S-CO2 binary mixture dense region. The viscosity of the H2S-CO2 binary gas mixture in the dense region was calculated 
by using the extended for mixtures Galliero et al. (2009) method and the software package REFPROP8 by NIST. The calcula-
tions were evaluated by comparing the results to the modified Vesovic-Wakeham (VW) method (Royal et al. 2003).  
 
Results & Discussion 
H2S dilute gas region. The work on the viscosity of H2S in the dilute gas region can be separated in two parts: i. The first part 
includes the testing of all the available correlations in the literature to investigate which one yields the best results compared to 
the Hellmann et al. (2010) H2S dilute gas viscosity data.This dataset was chosen as a reference for the comparison between the 
various methods because it is considered as the most accurate, based on ab-initio calculations directly from the intermolecular 
potential. ii. The second part describes the fitting procedure applied to the best correlations of the first part.  
      i. Testing the available H2S dilute gas correlations. In the dilute gas region of pure hydrogen sulfide (H2S) and for the 
temperature range (T=190-1140 K) four methods were used: i. Chung et al. (1988) [Appendix C], ii. Lucas (1980-1983) [Ap-
pendix C], iii. Galliero et al. (Equation 7), and iv. REFPROP8. In the correlation of Chung et al. there is no proposed value of 
κ (special correction factor of polar substances) for H2S. Thus, the value of κ = 0.0539 was used which was obtained from 
Schmidt et al. (2008) with AAD= 2.1%, and BIAS= 0.06% compared to an experimental data set covering a temperature range 
of 410 K (186.6-596.6 K). In the next section, by fitting this correlation to a wider temperature range (using the Hellmann et 
al. viscosity data, T=77.5-2000 K), a new fitted value of κ was obtained. By using this value, the correlation of Chung et al. 
reproduces better the calculated viscosity results. The correlation of Lucas was used in a fully predictive manner (Equations C-
5-7 – Appendix C). In the correlation of Galliero et al. the molecular parameters used were ε = 2320 J/mol (well depth), and σ 
= 3.688 Å (“molecular diameter”), which are the values obtained from the paper of Galliero et al. (2008). In the case of 
REFPROP, all the results provided in the following figures were calculated by the REFPROP (Version 8.0) software package 
by NIST.   
Figure 1 shows the viscosity values of Hellmann et al. (2010) for the dilute gas region of H2S, and the predicted values by us-
ing the above three methods and REFPROP8. Figure 2 presents the deviations of the three methods and REFPROP8 from the 
Hellmann et al. (2010) viscosity data; the corresponding average absolute deviation (AAD), BIAS and maximum deviation 
(MxD) of each method and REFPROP8 are summarized in Table 1.  
 
 
Figure 1: H2S viscosity in the dilute gas region: calculated data by Hellmann et al. (2010) (x), and predicted viscosity data provided by: 
Chung et al. (◊), Lucas (■), Galliero et al. dilute gas term (●), and REFPROP8 (▲). Figure 2: Deviations (%), compared to Hellmann et 
al. (2010) H2S dilute gas viscosity data, of: Chung et al. (◊), Lucas (■), Galliero et al. dilute gas term (●), and REFPROP8 (▲).  
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Table 1: Average Absolute Deviation (AAD), BIAS, and Maximum Deviation (MxD) compared to the Hellmann et al. (2010) H2S dilute 
gas viscosity data, for Chung et al., Lucas, Galliero et al. dilute gas term, and REFPROP8.  
 
T=190-1140 (K) Chung et al. Lucas Galliero et al. REFPROP8 
AAD (%) 2.0 3.0 2.1 6.8 
BIAS (%) 2.0 -2.9 1.9 6.8 
MxD (%) 4.7 5.0 4.7 15.1 
 
 
Figure 2 and Table 1 show that the two methods that yield the best results for the selected temperature range are the Chung et 
al. with AAD = 2.0 %, BIAS = 2.0 %, and MxD = 4.7 %, and the dilute gas term of the correlation of Galliero et al. (Equation 
7) with AAD = 2.1 %, BIAS = 1.9 % and MxD = 4.7 %. Therefore, these two methods, along with the Kinetic Theory of gases 
(Equations C-8-10 – Appendix C), have proven as the most accurate and were fitted to the Hellmann et al. (2010) dilute gas 
viscosity data. In Figure 2, and for the temperature range T=190-450 K, REFPROP8 shows the less deviation of all methods, 
from Hellmann et al. data. However, for temperatures higher than T=450 K the deviation of REFPROP8 from Hellmann et al. 
reference viscosity data is constantly increasing, reaching a maximum of 15.1 % at T=1140 K. 
     ii. Fitting the selected correlations to Hellmann et al. (2010) H2S dilute gas viscosity data. The calculated hydrogen sul-
fide (H2S) dilute gas viscosity data of Hellmann et al. (2010) are the most up-to-date, with accuracy of the order of 0.5-1 %  
compared to the available H2S dilute gas experimental viscosity data. Thus, after investigating which of the available dilute 
gas correlations were the most accurate, compared to the calculated data, the next step was to fit these correlations to the avail-
able reference data set. The aim of the fitting procedure was to obtain a correlation that can reproduce this data set as accurate-
ly as possible, and use this correlation to improve the latest reference H2S viscosity predictive method (Galliero et al. 2008), by 
including the latest calculated viscosity data of Hellmann at al. (2010). 
      The fitting procedure was applied by changing the value(s) of one parameter (Chung et al.), or two parameters (Galliero et 
al., Kinetic Theory) in order to minimize the sum of the square deviations (Gaussian errors) between the calculated viscosity 
(by the selected method), and the reference viscosity (Hellmann et al. 2010).  The objective function of the fitting procedure 
was the sum of the squared deviations as shown below: 
 
𝐹𝑜𝑏𝑗𝜽    
𝑚𝑖𝑛 = ∑(𝜂𝑐𝑎𝑙𝑐,𝑖 − 𝜂𝑟𝑒𝑓,𝑖)
2
𝑛
𝑖=1
 
 
 
Where n is the total number of the reference data points and θ represents the estimated parameter(s). 
      In the case of the Chung et al. dilute gas viscosity correlation (Equation C-1 – Appendix C) the fitting procedure was ap-
plied by changing the value of κ which is a correction factor for polar substances like H2S (Equation C-3 – Appendix C). In the 
case of the Galliero et al. dilute gas term (Equation 7), and Kinetic Theory (Equation C-8-10 – Appendix C), the changing pa-
rameters were the two molecular parameters, the intermolecular potential well depth ε and the “molecular diameter” σ (the 
distance in which the intermolecular potential becomes zero). Table 2 summarizes the obtained optimal values of these param-
eters, after fitting, for each method and the corresponding AAD, BIAS, and MxD of each method from Hellmann et al. (2010) 
viscosity data. Figure 3 shows the deviations (%), after fitting, of the three selected methods from Hellmann et al. (2010) cal-
culated H2S viscosity data. 
 
Table 2: Selected fitted parameters for each method, their initial and optimal values, and the corresponding AAD, BIAS, and MxD 
compared to the Hellmann et al. (2010) H2S dilute gas viscosity data.  
 
    *Source: Schmidt et al. (2008)   †Source: Galliero et al. (2008) 
 
Figure 3: Deviations (%) after fitting, compared to the Hellmann et al. (2010) H2S dilute gas viscosity data.      
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(Equation 7) 
Parameter(s) κ 
ε  
(K) 
σ  
(nm) 
ε  
(K) 
σ  
(nm) 
Initial Value(s) 0.0539
* - - 279.0
† 
0.3688
† 
Optimal Value(s) 0.0576 339.9 0.3612 339.5 0.3590 
AAD (%) 1.80 0.50 0.09 
BIAS (%) 1.40 0.30 -0.03 
MxD (%) 5.10 2.40 1.10 
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For the selected temperature range (T=200-2000 K), and from the results provided in Figure 3 and Table 2, it appears that the 
best fit was achieved in the case of the dilute gas term of the correlation of Galliero et al. (Equation 7), where the correspond-
ing AAD, BIAS, and MxD were 0.09 %, -0.03 %, and 1.10 % respectively. 
      In conclusion, after an initial review of all the available H2S dilute gas viscosity correlations in the literature, the two most 
accurate methods [Chung et al. and Galliero et al. dilute gas term (Equation 7)] were selected, and in addition with the Kinetic 
Theory, were fitted to the latest calculated viscosity data of Hellmann et al. (2010). After fitting, it appears that the correlation 
reproducing better the calculated reference data set was the Galliero et al. dilute gas term (Equation 7), with values of the ad-
justed molecular parameters ε (well depth) and σ (“molecular diameter”) 339.5 K and 0.3590 nm respectively. Therefore, this 
correlated dilute gas term of the equation of Galliero et al. was used in order to improve the original Galliero et al. correlation, 
by including the latest H2S zero density viscosity calculations of Hellmann et al. (2010).     
 
H2S dense region. For the viscosity calculations of H2S in the dense region, and after reviewing the available literature, the 
Galliero et al. (Equation 5) correlation was used, which is the latest correlation regarding the viscosity prediction of H2S. After 
the discussion in the methodology section, the correlation of Galliero et al. (Equation 5) can be analyzed as the sum of two 
terms: a zero density (or dilute) gas term, and an excess (or residual) viscosity term, as follows: 
 
𝜂𝐺𝑎𝑙𝑙𝑖𝑒𝑟𝑜(𝜚, 𝑇) = 𝜂0,𝐺𝑎𝑙𝑙𝑖𝑒𝑟𝑜(𝑇) + Δ𝜂𝐺𝑎𝑙𝑙𝑖𝑒𝑟𝑜(𝜚, 𝑇)                                                                                                                 (14) 
 
where η0,Galliero (T) and ΔηGalliero (ρ,T) are the dilute gas and excess viscosity terms respectively when the initial values of the 
molecular parameters are used. These initial values were obtained from the corresponding Galliero et al. (2008) reference, and 
are demonstrated in Table 2. From Figures 1, 2 and Table 1, this initial dilute gas term of Galliero et al. correlation has an 
AAD= 2.1 %, BIAS= 1.9 %, and MxD= 4.7 %, when compared to the latest calculations of Hellmann et al. (2010). After the 
fitting procedure, a “corrected” dilute gas term was obtained, which will be noted in this work as: η0,Corrected (T). In the previous 
section it was shown that this “corrected” Galliero et al. dilute gas term is able to reproduce very accurately the zero density 
viscosity calculations of Hellmann et al. (2010), with an AAD=0.09 %, BIAS= -0.03 %, and MxD=1.10 % (Figure 3, Table 2).  
      The proposed method in order to include the latest zero density calculations of Hellmann et al. (2010), was to subtract from 
Equation 14 the initial dilute gas term [η0,Galliero (T)], and add the “corrected” one: η0,Corrected (T), as demonstrated below: 
 
          𝜂𝐺𝑎𝑙𝑙𝑖𝑒𝑟𝑜(𝜚, 𝑇) = 𝜂0,𝐺𝑎𝑙𝑙𝑖𝑒𝑟𝑜(𝑇) + Δ𝜂𝐺𝑎𝑙𝑙𝑖𝑒𝑟𝑜(𝜚, 𝑇) 
                                       −𝜂0,𝐺𝑎𝑙𝑙𝑖𝑒𝑟𝑜(𝑇) + 𝜂0,𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑇) 
 
→      𝜂𝐺𝑎𝑙𝑙𝑖𝑒𝑟𝑜(𝜚, 𝑇) = 𝜂0,𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑇) + Δ𝜂𝐺𝑎𝑙𝑙𝑖𝑒𝑟𝑜(𝜚, 𝑇)                                                                                                                (15) 
 
In Equation 15, by keeping the same excess viscosity part [ΔηGalliero (ρ,T)], the results of the correlation in the dense region 
remain unaffected. In addition, by substituting the initial zero density part with the “corrected” one, the correlation of Galliero 
et al. is improved by including the latest zero density calculations of Hellmann et al. (2010). 
     Results - H2S dense region.Viscosity prediction results of the pure H2S dense region provided by the original Galliero et al. 
correlation (Equation 5), REFPROP8, and the “corrected” Galliero et al. (Equation 15) correlation are presented in Figure 4. In 
addition, the corresponding deviations of the original Galliero et al. and the “corrected” Galliero et al. correlations, compared 
to REFPROP8, are demonstrated in Figure 5. For all the calculations of the H2S viscosity in the dense region, densities calcu-
lated from REFPROP8 at the given thermodynamic conditions were used as an input to the original Galliero et al. and the 
“corrected” Galliero correlations.  
      The thermodynamic conditions of petroleum interest regarding the acid gas injection (AGI) schemes are in general be-
tween T=273-423 K for the temperature, and between P=1-500 bar for the pressure (Schmidt et al. 2008). Therefore, the three 
methods were tested under various thermodynamic conditions of the mentioned range. More specifically, the three methods 
were used to predict the viscosity of pure H2S for the vapour, liquid and supercritical fluid states. The viscosity was calculated 
for a pressure range P=0-1000 bar, and for the following isotherms: T=250, 300, 350 K for the vapour and liquid states, and 
T=400, 450 K for the supercritical fluid state. In the case of the vapour and liquid states the viscosity was also calculated at 
saturation conditions. 
      In a recently presented examination of all the available experimental data of hydrogen sulfide (H2S), Schmidt et al. (2008) 
report that the number of confident viscosity experimental data is very small. In addition, according to the same reference and 
for the dense region, the only available experimental data at high pressures and temperatures is the data set of Monteil et al. 
(1969) (T=388.2-413.2 K and P=100-500 bar). However, this data set was considered inconsistent by the authors and was ex-
cluded by the development of their model. 
      In this work due to this lack of H2S experimental data, especially in the dense region, the original and the “corrected” cor-
relations of Galliero et al. were compared to the calculations of REFPROP8 software package by NIST, which is considered as 
the most up-to-date and accurate software for the calculation of fluid thermodynamic and transport properties. Nevertheless, as  
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Figure 4: H2S viscosity in the dense region: predicted viscosity data provided by: (▲) Galliero et al., (●) REFPROP8, and (□) Corrected 
Galliero methods. 
 
 
 
  
 
 
Figure 5: Deviations (%) compared with REFPROP8, for the H2S viscosity in the dense region, of: (▲) Galliero et al., and (□) Corrected 
Galliero methods. 
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we have shown in the previous section, REFPROP8, when compared with the latest calculated dilute gas viscosity data of 
Hellmann et al. (2010) overestimates the dilute gas viscosity of H2S, especially at temperatures greater than T > 450 K, with a 
maximum deviation of 15.1% at T=1140 K (Figure 2). 
      Figure 4, shows that the correction of the dilute gas viscosity term is more apparent in case of the vapour phase (T= 300, 
350 K). This is an expected result, as at these conditions the dilute gas viscosity term in Equation 15 dominates. The same fig-
ure shows that as the pressure is increasing (at constant T=300, 350 K), the H2S is condensing from the vapour to the liquid 
phase where the residual viscosity term dominates, and therefore the dilute gas viscosity correction is concealed. The same 
effect is observed at the H2S supercritical fluid state (T=400, 450 K). From the results provided by Figure 5, where the devia-
tions of the original and the “corrected” correlations of the Galliero et al. method from REFPROP8 are presented, in the va-
pour phase and for the isotherms T= 300, 350 K, the “corrected” Galliero method agrees better with REFPROP8. This can be 
explained by Figure 2, where REFPROP8 provides better results for the selected isotherms than the original dilute gas term of 
the Galliero et al. correlation. In the vapour phase, the deviation of the two methods from REFPROP8 is more than 5% only 
for pressures higher than 20 bar. 
      At the same Figure 4, in the case of the H2S liquid phase, and for the isotherms T=300,350 K, the “corrected” Galliero and 
the original correlation of the Galliero et al. provide similar results. This is explained because in the liquid phase the residual 
viscosity term dominates and the dilute gas correction that was applied to Galliero et al. correlation is less evident. From the 
results of the same Figure 4, for the liquid phase, and for the isotherm T=300 K, the deviations between both the “corrected” 
Galliero and the original Galliero et al. correlations from REFPROP8, are higher than 5 % only for the pressure of P=1000 bar. 
In the case of T=350 K isotherm, the observed deviations of both methods from REFPROP8 are always less than 5 %. 
      The results provided by Figure 4, in the case of the H2S supercritical phase and for both isotherms (T=400,450 K), show 
that there is a rapid change of viscosity for relatively small increase in pressure. This phenomenon would be more intense in 
the case of the critical H2S isotherm (T=373.1 K), where a relatively small increase in pressure would result in a large increase 
in the H2S density and consequently, as the viscosity is density dependent, to a large increase of the viscosity of H2S. The vis-
cosity prediction in this area close to the critical point is difficult, and for that reason, some correlations (of the Equation 14 
type) include a correction term called the critical enhancement term Δηc (ρ,T). As the temperature is increasing above the criti-
cal point, this phenomenon becomes gradually less important. This is justified by Figure 4, where the slope of the viscosity 
curve, in the case of the T=450 K isotherm, is less steep than for the T= 400 K isotherm (which is closer to the critical point). 
The difficulty of calculating the viscosity, at this area, appears also in Figure 5, where for both isotherms (T=400, 450 K), the 
deviation of the “corrected” Galliero and the original Galliero et al. correlations from REFPROP8 is higher than 5 %. For the 
T= 400, 450 K isotherms, and when compared with REFPROP8, the original correlation of Galliero et al. has a MxD of 15.1 
% and 10.5 %, and the “corrected” Galliero a MxD of 12 % and 7.6 % respectively. From the same Figure 5, and for both iso-
therms (T=400, 450 K), when the pressure equals to zero, it appears that the zero density viscosity of REFPROP8 does not 
agree with the zero density viscosity of the “corrected” Galliero method. In the zero density limit, and for the T=400 K and 
T=450 K isotherms the deviation of REFPROP8 from the “corrected” Galliero correlation is 2.9 % and 3.5 % respectively. 
This can be explained because the “corrected” Galliero correlation includes the latest zero density viscosity calculations of 
Hellmann et al. (2010), and as already shown in Figure 2, the deviation of REFPROP8 from those calculations is gradually 
increasing, as the temperature is increasing, reaching a maximum of 15.1 % at T=1140 K. Table 3 provides the average abso-
lute deviation (AAD), BIAS, and Maximum Deviation (MxD) of the results yielded by the original correlation of Galliero et 
al., and by the “corrected” Galliero correlation, compared to REFPROP8, for vapour, liquid and supercritical phase of H2S.  
 
Table 3: Average Absolute Deviation (AAD), BIAS, and Maximum Deviation (MxD) of H2S vapour, liquid and supercritical phase, com-
pared to REFPROP8, for Galliero et al., and “corrected” Galliero correlations.  
 
P=0-1000 (bar)  
Galliero et al. 
(Equation 5) 
“Corrected” Galliero 
(Equation 15) 
Vapour Phase  
(T=250,300,350 K) 
AAD (%) 4.6 2.7 
BIAS (%) 4.6 0.1 
MxD (%) 16.1 12.1 
Liquid Phase 
(T=250,300,350 K) 
AAD (%) 5.0 4.8 
BIAS (%) 4.7 4.3 
MxD (%) 20.5 20.3 
Supercritical Phase 
(T=400,450 K) 
AAD (%) 3.4 3.3 
BIAS (%) 3.3 0.7 
MxD (%) 15.1 12.0 
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H2S-CO2 (Acid Gas) mixture. The work regarding the viscosity of the H2S-CO2 mixture can be separated in two parts: i. 
Testing of all the available methods found in the literature and REFPROP8 software package, by calculating the dilute gas 
viscosity of the binary H2S-CO2 mixture at various compositions, and comparison with the results provided by the Kinetic 
Theory of gases, which is considered as the most accurate. ii. The second part provides the results of the correlation of Galliero 
et al. and REFPROP8, for the viscosity prediction of H2S-CO2 mixture, at various thermodynamic conditions and composi-
tions of petroleum interest, and the comparison of the two methods with the modified Vesovic-Wakeham (VW) method (Royal 
et al. 2003). In addition, the two methods and REFPROP8 were used in order to calculate the viscosity of three sour natural 
gas mixtures of petroleum interest. 
     i. Testing of the available H2S-CO2 dilute gas viscosity prediction methods. The dilute gas viscosity results of the binary 
H2S-CO2 mixture, and for the temperature range T=270-620 K, were provided by five methods: i. Reichenberg method (Equa-
tion C-11 – Appendix C), ii. Chung et al. (Equation C-4 – Appendix C), iii. Lucas (Equations C5-7 – Appendix C), iv. Galliero 
et al. (Equation 7 including the correction Ac=0.95 for mixtures), and v. REFPROP8. All methods were compared to the re-
sults obtained from the Kinetic Theory approach (Equation C-8 – Appendix C, Figure 6). In the case of CO2, the energy and 
distance scaling parameters used at the Kinetic Theory method were: ε = 251.2 K and σ = 0.3751 nm, which are the values 
obtained from Vesovic et al. (1990) reference. In the case of H2S, the values were obtained by fitting the correlation (Equation 
C-8 – Appendix C) to the latest zero density calculations of Hellmann et al. (2010). The values are available in Table 2 (ε = 
339.9 K, σ = 0.3612 nm). Figure 6 provides the predicted viscosity results for the Kinetic Theory of gases, as a function of 
temperature and for the composition range x1 (H2S) = 0.0, 0.3, 0.5, 0.7, 1.0. Reichenberg method is an interpolative method, 
thus the viscosity of the pure species is required in order to calculate the viscosity of the mixture. For the viscosity prediction 
of pure H2S, the dilute gas part of the correlation of Galliero et al. (Equation 7) fitted to the latest calculations of Hellmann et 
al. (ε = 339.5 K, σ = 0.3590 nm, Table 2) was used. The viscosity of CO2 has been studied thoroughly by Vesovic et al. 
(1990), and the method used is described in the corresponding reference. We should note that no experimental data exist for 
H2S-CO2 mixtures, and therefore there is some doubt about any model used to predict such viscosities. 
 
 
 
Figure 6: H2S-CO2 dilute gas viscosity provided by Kinetic Theory of gases as a function of temperature T=270-620 K (10 K incre-
ment), for various compositions x1(H2S): x1=0.0 (▲), x1=0.3 (■), x1=0.5 (x), x1=0.7 (◊), x1=1.0 (●). 
 
The results provided in Figure 7, show that for H2S mole fraction x1=0 (pure CO2), Reichenberg interpolative method and 
REFPROP8 have the same deviation from the results of Kinetic Theory, underestimating the viscosity for the whole tempera-
ture range (data points of Reichenberg overlap those of REFPROP8). This is justified because the two methods use the same 
reference (Vesovic et al. 1990) for the estimation of pure CO2 viscosity. For the same composition, Lucas and Galliero et al. 
methods show similar deviations from Kinetic Theory, and yield the best results. Chung et al. show the higher absolute devia-
tion from Kinetic theory, by underestimating the viscosity (MxD=2.8%). 
      At the same Figure 7, for compositions of the binary H2S-CO2 mixture x1 (H2S) = 0.3, 0.5, 0.7 and in the case of pure H2S 
(x1 =1.0), the results show that REFPROP8 yields the best results compared with Kinetic Theory for the temperature range 
T=270-370 K. For higher temperatures the results of REFPROP8 diverge from Kinetic Theory and the viscosity is increasingly 
overestimated. This becomes more evident as the mole fraction of H2S is increasing (mixture rich in H2S), reaching a maxi-
mum deviation of MxD = 6.1 % for x1 (H2S) = 1.0 (pure H2S). The results of REFPROP8 agree with Figure 2 in the pure hy-
drogen sulfide (H2S) dilute gas section, where REFPROP8 overestimates the viscosity of H2S as the temperature is increasing, 
when compared to the latest H2S dilute gas viscosity calculations of Hellmann et al. (2010). Kinetic Theory method was fitted 
to these calculations, and therefore REFPROP8 show the same behavior when compared to these results. 
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Figure 7: Deviations (%) of: Reichenberg method (●), Chung et al. (▲), Lucas (■), Galliero et al. (x), and REFPROP8 (◊), compared to 
the results provided by the Kinetic Theory of gases, for various compositions of the binary H2S-CO2 mixture.  
 
 
In Figure 7, Reichenberg method shows an opposite behaviour than REFPROP8, it underestimates the viscosity of the mixture 
for low temperatures (T=270-370 K), and converge to the Kinetic Theory results as the temperature increases. The results of 
Lucas and Galliero et al. methods agree for the tested H2S-CO2 mixture compositions, and both underestimate the viscosity of 
the mixture. By increasing the mole fraction of H2S, the absolute deviation of both methods from Kinetic Theory is increasing. 
Chung et al. underestimate the viscosity with a nearly constant deviation of about 4 %, when compared with the Kinetic Theo-
ry, for the compositions of the binary H2S-CO2 mixture x1 (H2S) = 0.3, 0.5, 0.7. From the same Figure 7 (x1 = 0.0, 1.0), Chung 
et al. seem to predict better the viscosity of the pure species. 
 
 
 
 
Figure 8: Deviations (%), compared to Kinetic Theory predicted H2S-CO2 mixture viscosity for T=300, 450, 600 K isotherms, of: Reich-
enberg method (●), Chung et al. (▲), Lucas (■), Galliero et al. (x), and REFPROP8 (◊). 
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Figure 8 presents the deviations of all methods from Kinetic Theory as a function of composition, for three isotherms T=300, 
450, 600 K. The results agree with the conclusions of Figure 7. In all the three isotherms, the first data point (x1 = 0.0), is the 
same for REFPROP8 and Reichenberg method. Chung rules seem to predict better the viscosity of the pure species (x1 = 0.0, 
1.0), as the deviation is higher for the composition range x1 = 0.1 – 0.9, than for the end points (pure compounds) x1 = 0.0, and 
x1 = 1.0. Lucas and Galliero et al. methods provide in all three isotherms similar results. As the temperature is increasing, and 
for mixtures rich in H2S, the deviation of both methods from the Kinetic Theory increase. The deviation of REFPROP8 results, 
when compared to the Kinetic Theory, is increasing by increasing the temperature (from MxD=1.7 % at T=300 K to MxD=5.6 
% at T=600 K). Reichenberg method, and for the isotherm T=300 K (which is between T=270-370 K), underestimates the 
viscosity of the mixture (MxD=2.1 %). For higher temperatures (isotherms T=450,600 K), the results of Reichenberg method 
converge to those provided by the Kinetic Theory (for T=450 K → MxD=1.2 %, and for T=600 K → MxD=0.4 %). 
      A summary of the AAD, BIAS and MxD of the results provided by: Reichenberg method, Chung et al., Lucas, Galliero et 
al., and REFPROP8 compared to the Kinetic Theory, for mixture compositions: x1=0.0, 0.3, 0.5, 0.7, 1.0, is presented in Table 
4. The full results (composition range x1 = 0.0-1.0) are provided in Appendix C. The results provided in Table 4 show that for 
the whole composition range (x1 = 0.0-1.0), the absolute deviation of Reichenberg, Chung et al., Lucas and Galliero et al. 
methods is always less than 5 % from the results provided by the Kinetic Theory. In the case of REFPROP8 the absolute devi-
ation is higher than 5 % for H2S-CO2 mixture compositions rich in H2S (x1 ≥ 0.8). The maximum absolute deviations of 
REFPROP8 compared to the Kinetic Theory, for mixture compositions x1 = 0.8, 0.9, 1.0 were 5.2 %, 5.7 %, and 6.1 % respec-
tively. For the whole composition range (x1 = 0.0-1.0), the average absolute deviations (AAD) of all methods from the Kinetic 
Theory were always less than 5 %.          
Table 4: Average Absolute Deviation (AAD), BIAS, and Maximum Deviation (MxD) compared to the Kinetic Theory predicted H2S-CO2 
mixture viscosity for various compositions, yielded by: Reichenberg method, Chung et al., Lucas, Galliero et al., and REFPROP8.  
 
Composition T = 270-620 K Reichenberg Chung et al. Lucas Galliero et al. REFPROP8 
 AAD (%) 0.9 2.4 0.2 0.3 0.9 
X1 = 0.0 BIAS (%) -0.9 -2.4 -0.2 -0.3 -0.9 
 MxD (%) 1.7 2.8 0.5 0.7 1.7 
 AAD (%) 1.2 3.8 1.4 1.4 0.8 
X1 = 0.3 BIAS (%) -1.2 -3.8 -1.4 -1.4 0.7 
 MxD (%) 2.0 4.0 1.5 1.6 2.0 
 AAD (%) 1.3 4.2 2.0 2.0 1.5 
X1 = 0.5 BIAS (%) -1.3 -4.2 -2.0 -2.0 1.5 
 MxD (%) 2.1 4.4 2.1 2.2 3.4 
 AAD (%) 1.3 4.2 2.5 2.5 2.2 
X1 = 0.7 BIAS (%) -1.3 -4.2 -2.5 -2.5 2.2 
 MxD (%) 2.1 4.5 2.8 2.9 4.6 
 AAD (%) 1.2 3.4 3.1 3.0 2.4 
X1 = 1.0 BIAS (%) -1.2 -3.4 -3.1 -3.0 2.4 
 MxD (%) 2.1 4.0 3.8 3.8 6.1 
 
 
     ii. Results of the dense region for the H2S-CO2 (Acid Gas) mixture. This section provide the results of Galliero et al. and 
REFPROP8, for the viscosity prediction of H2S-CO2 mixture, at various thermodynamic conditions and compositions of petro-
leum interest, and the comparison of the two methods with the VW method. The “corrected Galliero” correlation (Equation 
15) for the viscosity prediction of H2S, was implemented in the modified Vesovic-Wakeham (VW) method (Royal et al. 2003), 
and the obtained results were used as a reference for the comparison between the method and Galliero et al. and REFPROP8. 
REFPROP8, Galliero et al., and VW methods were used to predict the viscosity of the binary H2S-CO2 mixture in vapour, liq-
uid and supercritical fluid states. The viscosity was calculated for a pressure range P = 0-1000 bar. For the composition range 
x1 (H2S) = 0.0 - 0.7 (0.1 increment), the H2S-CO2 mixture viscosity was calculated for the isotherms: T = 250, 300 K for the 
vapour and liquid states, and T = 350, 400, 450 K for the supercritical fluid state. For the composition range x1 (H2S) = 0.8 - 
1.0 (0.1 increment), the viscosity was provided for the isotherms: T = 250, 300, 350 K for the vapour and liquid states, and T = 
400, 450 K for the supercritical fluid state. The viscosity of the mixture for vapour and liquid states was also calculated at satu-
ration conditions. The results are provided in Appendix C.  
      A summary of the AAD, BIAS and MxD of the results provided by Galliero et al. and REFPROP8 compared to VW meth-
od, for mixture compositions: x1=0.0, 0.3, 0.5, 0.7, 1.0, and for vapour, liquid and supercritical fluid states of the mixture, is 
presented in Table 5. Viscosity prediction results as a function of composition for the binary H2S-CO2 mixture, provided by 
the Galliero et al. and REFPROP8 methods are presented in Figure 9. In addition, the same Figure provides the corresponding 
deviations of the two methods, compared to VW.  
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Figure 9: i. Predicted Viscosity as a function of H2S-CO2 mixture composition provided by: REFPROP8 (●), Galliero et al. (▲) and VW 
(◊). ii. Deviations (%) as a function of composition, of Galliero et al. (▲) and REFPROP8 (●) from VW method, for H2S-CO2 vapour 
(T=300 K, P=20 bar), liquid (T=300 K, P=500 bar), and supercritical (T=450 K, 500 bar) fluid states.  
 
 
Figure 9 also shows that the mixture is condensed from the vapour to the liquid phase, by increasing the pressure (P = 20 bar 
→ P = 500 bar), at constant temperature T = 300 K. As the temperature is increasing (T = 300 K → T = 450 K), at constant 
pressure P = 500 bar, the H2S-CO2 mixture is changing phase, from liquid to supercritical. The provided results from Table 5 
and Figure 9 show that for compositions of the H2S-CO2 mixture rich in CO2, REFPROP8 agrees better than Galliero et al., 
with the results provided by the VW method, in all vapour, liquid and supercritical fluid states. This is expected, as 
REFPROP8 and VW use the same reference (Vesovic et al. 1990) for the viscosity prediction of CO2.  
 
Table 5: Average Absolute Deviation (AAD), BIAS, and Maximum Deviation (MxD) compared to VW predicted H2S-CO2 mixture viscosi-
ty for various compositions, yielded by: Galliero et al. and REFPROP8.  
 
  Galliero et al. REFPROP8 
Composition 
X1 (H2S) 
T = 250-450 K (*) 
P = 0-1000 bar (†) 
Vapour Liquid Supercritical Vapour Liquid Supercritical 
 AAD (%) 3.4 4.9 3.3 0.1 2.4 0.4 
X1 = 0.0 BIAS (%) 3.4 -2.7 3.3 0.1 -2.1 -0.2 
 MxD (%) 9.6 7.1 9.0 0.2 4.5 2.9 
 AAD (%) 1.5 3.2 1.7 1.0 3.0 1.6 
X1 = 0.3 BIAS (%) 1.3 -2.1 1.4 -0.6 -3.0 -0.9 
 MxD (%) 5.7 5.1 4.8 4.0 8.9 3.9 
 AAD (%) 1.1 2.2 1.2 0.9 3.4 2.2 
X1 = 0.5 BIAS (%) 0.1 -1.6 0.3 0.6 -3.4 -1.1 
 MxD (%) 3.2 3.7 2.5 2.2 11.4 6.2 
 AAD (%) 0.8 1.2 1.0 2.1 3.8 2.5 
X1 = 0.7 BIAS (%) -0.6 -0.9 -0.5 1.8 -3.7 -0.9 
 MxD (%) 1.2 2.3 1.8 6.0 13.9 7.0 
 AAD (%) 0.5 0.1 1.3 2.6 4.4 3.3 
X1 = 1.0 BIAS (%) -0.5 -0.1 -1.3 0.1 -3.9 -0.5 
 MxD (%) 0.8 0.2 1.9 10.8 16.9 10.7 
       *Temperature Range: T = 250, 300, 350, 400, 450 K                                             †Pressure Range: P = 0, 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000 bar 
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For equimolar H2S-CO2 mixture (x1=0.5), Galliero et al. method yields better results than REFPROP8, compared with VW, for 
the liquid and supercritical fluid states. For the vapour phase, both methods show approximately the same deviation from VW 
(AAD ≈ 1.0 %). As the mole fraction of H2S increase (mixture rich in H2S), the predicted viscosity results provided by Gal-
liero et al. method agree better than REFPROP8, with VW method, in all vapour, liquid and supercritical phases of the H2S-
CO2 mixture. This is because the “corrected” Galliero correlation was implemented in VW method, and thus, it is expected 
that VW and Galliero et al. methods will agree especially in the liquid phase, where the excess viscosity part of the correlation 
of Galliero et al. dominates. The maximum absolute deviation of Galliero et al. from VW method, appears for pure CO2 com-
position (x1=0.0), where the MxD for the vapour, liquid and supercritical fluid states is 9.6 %, 7.1 %, and 9.0 % respectively. 
In the case of REFPROP8, the maximum absolute deviation from the VW method, appears for pure H2S composition (x1=1.0), 
where the MxD for the vapour, liquid and supercritical fluid states is 10.8 %, 16.9 %, and 10.7 % respectively. We should also 
note that whatever the thermodynamic conditions (vapour, liquid, supercritical), and for the whole composition range (x1=0.0-
1.0), the average absolute deviations of REFPROP8 and Galliero et al. methods from the VW method were always less than 5 
%.          
      After examination of the available literature, three natural gas mixtures (Gas # 11, 13, 14, Elsharkawy 2003) rich in hydro-
gen sulfide (H2S), for which experimental viscosity results exist in typical petroleum reservoir conditions, were used as a ref-
erence in  order to validate REFPROP8, Galliero et al., and VW methods. The results are presented in Table 6, where the com-
positions of the gas mixtures are given in mole percent of the individual compounds. In the case of REFPROP8 and Galliero et 
al. methods, the predicted viscosity values of Table 6 were obtained from the corresponding references (Schmidt et al. 2008, 
and Galliero et al. 2009 respectively). The modified VW method (which includes the “corrected” correlation of Galliero et al. 
for predicting the viscosity of H2S), was also used to predict the viscosity of these mixtures. For the sour natural gas mixture 
(Gas #11), the deviations of REFPROP8, Galliero et al. and VW methods from the experimental viscosity data, were 0.0 %, 
5.7 % and -1.3 % respectively. Following the same order, in the case of Gas #13, the deviations were 10.0 %, 20.7 %, and 5.3 
%. For the Gas #14 the corresponding deviations from the experimental data were -7.3 %, -10.0 %, and -9.1 % respectively.    
Table 6: Experimental viscosity (Elsharkawy 2003) of three sour natural gas mixtures, and the predicted viscosity values provided by: 
REFPROP8, Galliero et al., and VW methods.   
 
Gas 
#  
H2S CO2 N2 C1 C2 C3 iC4 nC4 iC5 nC5 C6 T (K) 
P 
(bar) 
Experimental 
η (μPa∙s) 
REFPROP8 
η (μPa∙s) 
Galliero 
η (μPa∙s) 
VW 
η(μPa∙s) 
11 22.6 0.5 0.46 75.61 0.71 0.06 0.02 0.02 0 0 0 352.6 344.7 30.0 30.0 31.7 29.6 
13 49.35 3.08 2.66 44.47 0.23 0.06 0.02 0.03 0.02 0.01 0.03 322.1 172.4 30.0 33.0 36.2 31.6* 
14 70.03 8.65 0.92 20.24 0.16 0 0 0 0 0 0 352.6 94.0 22.0 20.4 19.8 20.0 
 
*The viscosity was calculated for the following gas mixture composition: H2S = 49.38 %, CO2 = 3.09 %, N2 = 2.67 %, C1 = 44.50 %, C2 = 0.23 %, C3 = 0.06 %, 
iC4 = 0.02 %, nC4 = 0.03 %, iC5 = 0.00 %, nC5 = 0.01 %, C6 = 0.00 %.                                 
 
Summary, Conclusions and Recommendations 
A methodology for improving the latest reference (Galliero et al. 2008) hydrogen sulfide (H2S) viscosity correlation is pre-
sented. The correlation was improved by fitting the two molecular parameters of the Galliero et al. theory (well depth ε and 
“molecular diameter" σ) to the latest H2S zero density viscosity calculations of Hellmann et al. (2010). The improved dilute 
gas viscosity correlation is reproducing very accurately the latest H2S viscosity calculations, with an AAD= 0.09 %, BIAS=     
-0.03 %, and MxD= 1.10 %, for the temperature range T= 200-2000 K, with values of the adjusted molecular parameters ε = 
339.5 K and σ = 0.3590 nm. 
      The improved H2S dilute gas viscosity correlation was included in Galliero et al. (2008) method, and the “corrected” Gal-
liero method, which includes the latest H2S zero density calculations of Hellmann et al. (2010), was used to predict the viscosi-
ty of pure H2S in various thermodynamic conditions of petroleum interest. The method was compared with REFPROP8 soft-
ware package by NIST, with an AAD, BIAS, and MxD: 2.7 %, 0.1 %, 12.1 % for the vapour phase, 4.8 %, 4.3 %, 20.3 % for 
the liquid phase, and 3.3 %, 0.7 %, 12.0 % for the supercritical phase respectively. 
      The zero density viscosity of the binary H2S-CO2 (Acid Gas) mixture was predicted by using four methods (Reichenberg, 
Chung et al., Lucas, Galliero et al.) along with REFPROP8 software, and all methods were compared to the results provided 
by the Kinetic Theory of gases. The viscosity of the mixture was calculated for the temperature range T= 270-620 K, and for 
compositions x1 (H2S) = 0.0-1.0 (0.1 increment). The absolute deviation of all methods was always less than 5 % from the re-
sults provided by the Kinetic Theory. In the case of REFPROP8 the absolute deviation was higher than 5 % for H2S-CO2 mix-
tures rich in H2S (x1 ≥ 0.8). 
      The viscosity of the H2S-CO2 mixture was calculated in the dense region by using REFPROP8 software package, and Gal-
liero et al. methods. The two methods were compared to VW, where the “corrected” Galliero correlation for predicting the 
viscosity of pure H2S was used. The viscosity of the mixture was calculated for the temperature range T= 250-450 K, pressure 
range P= 0-1000 bar, and for compositions x1 (H2S) = 0.0-1.0 (0.1 increment). The provided results show that for compositions 
of the H2S-CO2 mixture rich in CO2, REFPROP8 agrees better than Galliero et al., with the results provided by the VW meth-
od, in all vapour, liquid and supercritical fluid states. For mixtures rich in H2S, the method of Galliero et al. agrees better than 
REFPROP8, with the VW method, in all fluid states. The MxD of Galliero et al. from VW method was: 9.6 % (vapour), 7.1 % 
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(liquid), and 9.0 % (supercritical), for pure CO2 composition (x1 = 0.0). REFPROP8 shows the MxD from the VW method, at 
pure H2S composition (x1 = 1.0), with: MxD= 10.8 % (vapour), 16.9 % (liquid), and 10.7 % (supercritical). However, for the 
various investigated thermodynamic conditions (vapour, liquid, supercritical), and for the whole composition range (x1=0.0-
1.0), the average absolute deviations of REFPROP8 and Galliero et al. methods from the VW method were always less than 5 
%.                    
      The three methods (REFPROP8, Galliero et al. and VW) were also used to calculate the viscosity of three natural gases 
rich in H2S (H2S content: Gas #11: 22.6 %, Gas #13: 49.4 %, and Gas #14: 70.0 %), for which experimental results exist in 
typical petroleum reservoir conditions. The range of deviations from the experimental viscosity data, was: from -7.3 to 10.0 %  
for REFPROP8, from -10.0 to 20.7 % for the correlation of Galliero et al., and from -9.1 to 5.3 % for the VW method. Thus, 
the Vesovic-Wakeham (VW) method has the narrowest deviation range of all methods, and is recommended for the viscosity 
prediction of acid gas mixtures.  
      The thermodynamic conditions of interest regarding the acid gas injection (AGI) schemes in the petroleum industry are in 
general between T=273-423 K, and between P=1-500 bar. The composition of the acid gas mixtures varies from nearly pure 
hydrogen sulfide (H2S) to nearly pure carbon dioxide (CO2), with always a small amount of water and light hydrocarbons pre-
sent (typically less than 5 mol%) (Schmidt et al. 2008). Due to the high toxicity of the hydrogen sulfide (H2S), there are very 
few viscosity experimental data available in the literature (mainly in the H2S dilute gas region). This is even more pronounced 
in the case of acid gas mixtures where viscosity experimental data are nonexistent. Therefore, in order to fill voids of the exist-
ing data sets and to extend the viscosity prediction to regions where the available methods insufficiently model the viscosity 
(i.e. the area close to the critical point), additional experimental measurements or molecular dynamics simulations are required 
for the viscosity of the pure hydrogen sulfide (H2S) and of the acid gas mixtures at the conditions described above. 
 
Nomenclature 
AAD average absolute deviation (%) 
MxD maximum absolute deviation (%) 
r intermolecular separation (nm) 
κB Boltzmann constant (J/K) 
MW molecular weight (g/mol) 
T temperature (K) 
T
*
 dimensionless temperature 
Tc critical temperature (K) 
P pressure (bar) 
x mole fraction 
U interaction potential (J/mol) 
 
Greek Letters 
ε potential well depth (K) 
σ “molecular diameter” (nm) 
η viscosity (μPa∙s) 
ρ density (kg/m3) 
ρ* dimensionless density 
ρc critical density (kg/m
3
) 
μ dipole moment (Debye) 
Ων collision integral 
 
Subscripts 
pol         indicates a temperature dependent molecular parameter 
c            critical value 
0            the value at the limit of zero density 
i, j          species i, j 
ii            an interaction of an i-i pair in the mixture 
ij            an interaction of an i-j pair in the mixture 
N           number of components in the mixture 
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APPENDIX A. LITERATURE REVIEW 
 
 
J. Phys. Chem. Ref. Data, Vol. 19, No. 3, 763-908 (1990) 
The transport properties of carbon dioxide  
Authors: Vesovic, V., Wakeham, W.A., Olchowy, G.A., Sengers, J.V., Watson, J.T.R., and Millat, J. 
 
Contribution to the viscosity of acid gas: This paper provides a method to predict the viscosity of carbon 
dioxide (CO2), which is one of the main components of the acid gas mixtures. The provided correlation 
was used in this work to calculate the viscosity of pure CO2 in Reichenberg interpolative method for the 
binary dilute gas H2S-CO2 mixture and in the VW method (dense region). This method is also imple-
mented in REFPROP8 software package by NIST.    
 
 
Objective of the paper: To introduce a method for the estimation of the viscosity and thermal conductivi-
ty of carbon dioxide.   
 
Methodology used: The expression of viscosity and thermal conductivity consists of three terms: a dilute 
gas (zero density) viscosity, an excess viscosity, and a critical enhancement term. The correlation was 
based on experimental data to determine the excess viscosity parameters.  
 
Conclusion reached: The carbon dioxide viscosity prediction correlation is valid for the temperature 
range T=200-1500 K, with uncertainty ± 0.3 % according to the thermodynamic state. For thermal con-
ductivity the temperature range is T=200-1000 K with uncertainty ± 5 % for the liquid phase. Pressures 
should not exceed 100 MPa. In case of the low-density thermal conductivity, all the available data were 
shown to be inconsistent with theoretical expectation and were abandoned, in favor of a theoretical pre-
diction. Due to the poor quality of experimental data, the thermal conductivity of the liquid phase was 
predicted theoretically. Inconsistencies of the various literature reports of viscosity measurements were 
reported.     
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Fluid Phase Equilibria, Vol. 169, 249-276 (2000)  
The friction theory (f-theory) for viscosity modeling 
Authors: Schmidt, K.A.G., Quiñones-Cisneros, S.E., Caroll, J.J., and Kvamme, B. 
 
Contribution to the viscosity of acid gas: This paper provided a new theory for viscosity modeling based 
on friction concepts of classical mechanics and the Van der Waals theory of fluids. The new theory called 
friction theory (f-theory), was later extended to predict the viscosity of hydrogen sulfide and acid gas 
mixtures.  
 
Objective of the paper: To introduce a new theory for viscosity modeling. In this theory the viscosity of 
dense fluids is approached as a mechanical, rather than as a transport property.     
 
Methodology used: By separating the total viscosity into a dilute gas term and a friction term, a connec-
tion between the Van der Waals repulsive and attractive pressure terms and the Amontons-Coulomb fric-
tion law is established. Then, by using temperature dependent friction coefficients, the theory links the 
residual viscosity friction term to the Van der Waals repulsive and attractive pressure terms, and a simple 
cubic equation of state (EOS) can be used for obtaining an accurate modeling of the viscosity of fluids 
from low to high pressures.          
 
Conclusion reached: Two well-known cubic equations of state are used to model the viscosity of n-
alkanes (from methane to n-decane), as well as some of their binary mixtures, with average absolute de-
viations of the obtained results within experimental uncertainty.  
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Molecular Physics, Vol. 101, No. 3, 339-352 (2003) 
Prediction of the viscosity of dense fluid mixtures  
Authors: Royal, D.D., Vesovic, V., Trusler, J.P.M., and Wakeham, W.A. 
 
Contribution to the viscosity of acid gas: This paper introduced the modified Vesovic-Wakeham (VW) 
method for the viscosity prediction of dense fluid mixtures. It is not directly related to the viscosity of 
acid gas study, but in the current research, the method was used to predict the viscosity of the binary H2S-
CO2 mixture, at the dense region.  
 
Objective of the paper: To introduce the modified VW method for the viscosity prediction of dense fluid 
mixtures. The original VW method is extended to dense fluid mixtures by applying a new mixing rule.  
 
Methodology used: The original VW method is modified by implementing a new mixing rule, for the 
pseudo- radial distribution function at contact, based on Lebowitz solution of the Percus-Yevick equation, 
and the Carnahan-Starling equation (VW/LPY, VW/CS respectively). A further modification of the orig-
inal method was applied by using the effective molecular diameters and pseudo-mean free path shorten-
ing parameters (RVW/LPY, RVW/CS). The modified VW method was validated by comparing with 
available experimental viscosity data of various fluid mixtures. 
 
Conclusion reached: The VW method is extended to dense fluid mixtures by retaining the original ability 
of predicting the supercritical fluid viscosity.   
 
Comments: The modified VW method is able to predict the viscosity of liquid and dense fluid mixtures, 
along with mixtures containing polar species. 
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Petroleum Science and Technology, Vol. 21, No. 11-12, 1759-1787 (2003)  
Predicting volumetric and transport properties of sour gases and gas condensates using EOSs, corre-
sponding state models, and empirical correlations  
Authors: Elsharkawy, A.M. 
 
Contribution to the viscosity of acid gas: This paper provides the experimental viscosity values of various 
sour natural gas mixtures. These values were used by several authors (Schmidt et al. 2008, Galliero et al. 
2008, 2009), as a reference for the validation of the ability of the studied methods to predict the viscosity 
of natural gas mixtures rich in hydrogen sulfide, in typical petroleum reservoir thermodynamic condi-
tions.   
 
Objective of the paper: To present the results of using various equations of state, corresponding state 
methods, and correlations to predict the volumetric and transport properties of sour gases and gas con-
densates.   
 
Methodology used: The capabilities of several EOS(s), and several correlations as wells as corresponding 
state methods to predict properties of sour gases and condensates are thoroughly investigated.  
 
Conclusion reached: Viscosity correlations presented by Lee-Gonzalez-Eakin, Carr-Kobayashi-Barrows, 
Dean-Stiel, and Lucas, are recommended for use to predict viscosity of sweet and dry gases. MPR-EOS 
viscosity model and Lohrenz correlation are recommended for viscosity prediction of sour gas conden-
sates. However, there are some limitations of the methods at high pressures and temperatures. The capa-
bility of MPR-EOS to predict viscosity of gas condensates deteriorates as the amount of heptanes plus is 
increasing.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Viscosity of Acid Gas]  33 
 
 
The Journal of Chemical Physics, Vol. 123, 014505-1-014505-8 (2005) 
Transport coefficients and dynamic properties of hydrogen sulfide from molecular simulation  
Authors: Nieto-Draghi, C., Mackie, A.D., and Avalos, J.B. 
 
Contribution to the viscosity of acid gas: This paper provides molecular dynamics simulation results for 
the viscosity of hydrogen sulfide, that were used as a reference for the development and validation of 
methods used to predict the viscosity of pure hydrogen sulfide and acid gas mixtures.  
 
Objective of the paper: To present molecular dynamics simulation results on thermodynamic and 
transport properties of pure hydrogen sulfide (H2S), under conditions of practical interest.   
 
Methodology used: Molecular dynamics simulations using the Kristóf and Liszi potential model, for the 
calculation of the viscosity of pure vapour and liquid hydrogen sulfide (H2S), at saturation pressures and 
for the temperature range T= 217-333 K. The authors also report the thermal conductivity of the sub-
stance for several states along with some supercritical states, for the same temperature range. 
 
Conclusion reached: The molecular dynamics viscosity simulation data were in very good quantitative 
agreement with the scarce experimental data and thermophysical properties of hydrogen sulfide. The re-
sults were also used to test the validity of the incorporated intermolecular potential model used in the 
simulations, as well as the consistency of the existing data in the studied range.   
 
Comments: A comparative analysis of the local order in the liquid phase of pure hydrogen sulfide and 
water is presented, due to the molecular analogies between both substances, and its relation with the for-
mation of H-S bonds. The results indicate that under the same thermodynamic states, hydrogen sulfide is 
a much less structured substance than water, with a behavior much closer to that of a simple fluid (i.e. 
Argon) than to water, at least as far as nonelectrical properties are concerned. For that reason, estimations 
of transport properties derived for non-polar gases can describe well the behavior of hydrogen sulfide, 
both in the gas and liquid states.  
 
 
 
 
 
 
 
34  [Viscosity of Acid Gas] 
 
 
International Journal of Refrigeration, Vol. 28, 311-319 (2005)  
Predicting the viscosity of liquid refrigerant blends: comparison with experimental data 
Authors: Royal, D.D., Vesovic, V., Trusler, J.P.M., and Wakeham, W.A. 
 
Contribution to the viscosity of acid gas: This paper provided a brief summary of the modified Vesovic-
Wakeham (VW) method, for viscosity prediction of liquids (refrigerant blends), and the validation of the 
method against available experimental data. It is not directly related to the viscosity of acid gas study, but 
in the current work, it provides a validation of the VW method used to predict the viscosity of the binary 
H2S-CO2 mixture, at the dense region.  
  
Objective of the paper: To present a method for predicting the viscosity of liquid refrigerant mixtures, 
and to summarize the correlations, the appropriate mixing rule, the input parameters, and the accuracy of 
the method.  
 
Methodology used: The modified VW method used to predict the viscosity of refrigerant blends, based 
on kinetic theory and rigid sphere formalism. The proposed method incorporated the mixing rule of Le-
bowitz solution of the Percus-Yevick equation.  
 
Conclusion reached: Based on the obtained results and previous studies, the accuracy of the method is 
assessed to be of the order of ±7 %.   
 
Comments: The accuracy of the method would be possible to increase from ±7 % to ±3 - ±5 %, if more 
accurate correlations of the viscosity of the pure species were available.  
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Ind. Eng. Chem. Res., Vol. 44, 6963-6972 (2005) 
Molecular dynamics study of the Lennard-Jones fluid viscosity: application to real fluids  
Authors: Galliéro, G., Boned, C., and Baylaucq, A. 
 
Contribution to the viscosity of acid gas: By using molecular dynamics simulations, a representative cor-
relation of the viscosity of the Lennard-Jones fluid is developed for a wide range of thermodynamic con-
ditions. This new formulation was later used to model the residual viscosity of the pure hydrogen sulfide 
and of acid gas mixtures in the dense region.  
 
Objective of the paper: To provide a representative correlation of the viscosity of the Lennard-Jones fluid 
for a wide range of thermodynamic conditions, and by applying a corresponding states scheme which al-
lows the transposition of the previous results to real fluids. 
 
Methodology used: Regression of six numerical coefficients by using a molecular dynamics simulation 
database consisting of 338 points. The regression has been performed in order to minimize the maximum 
deviation between the molecular dynamics values and those of using the new proposed correlation (with 
the bias constrained to nil). By using the microscopic law of the corresponding states and the Van der 
Waals one fluid approximation, the scheme is extended to deal with real fluids and mixtures. 
 
Conclusion reached: For some simple molecules the new scheme, induce deviations less than 5 % in var-
ious thermodynamic conditions, covering vapour, liquid and supercritical fluid states. For larger mole-
cules, the results can be improved by fitting of the atomic diameter. It was also shown that by using the 
Van der Waals one fluid approximation, and the Lorentz-Berthelot combining rules, the scheme is ex-
tended to deal with mixtures.   
 
Comments: The scheme shows limitations when applied on asymmetric mixtures (i.e. methane-toluene). 
 
 
 
 
 
 
 
 
 
 
36  [Viscosity of Acid Gas] 
 
 
 
J. Phys. Chem. B, Vol. 110, No. 25, 12820-12834 (2006)  
Generalization of the friction theory for viscosity modeling 
Authors: Quiñones-Cisneros, S.E., and Deiters, U.K. 
 
Contribution to the viscosity of acid gas: This paper extended the friction theory by allowing the use of 
all types of equations of state (EoS), from theoretical ones to the highly accurate empirical reference 
equations of state. The original friction theory was restricted to use only EoS of the Van der Waals type 
(consisting of a repulsive and an attractive term). This paper contributed to the viscosity of acid gas 
study, because this generalized friction theory approach was used in the case of hydrogen sulfide, where 
the Lemmon and Span short form of the Span-Wagner EoS was used for the derivation of the reference 
H2S friction theory viscosity model.                              
 
Objective of the paper: To present a generalized friction theory where the limitation of the original fric-
tion theory of using only EoS of the Van der Waals type, is removed.      
 
Methodology used: The extension of the original friction theory is achieved by the introduction of a ra-
tional method of splitting an EoS into separated repulsive and attractive terms. This separation was based 
on the internal pressure concept.          
 
Conclusion reached: By splitting the EoS into a separated repulsive and attractive term, the friction theo-
ry could be applied to highly accurate reference EoS, theoretically oriented EoS, or models for specific 
applications (i.e. polymer blends, for which EoS like SAFT can be used).   
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Physical Review E, Vol. 73, No. 6, 061201 (2006) 
Molecular dynamics comparative study of Lennard-Jones α-6 and exponential α-6 potentials: Application 
to real simple fluids (viscosity and pressure)  
Authors: Galliéro, G., Boned, C., Baylaucq, A., and Montel, F. 
  
Contribution to the viscosity of acid gas: This paper showed that for all compounds tested, apart from 
methane, the best results were obtained for the Lennard-Jones 12-6 and the exponential 14-6 potentials. 
Therefore, the choice of the Lennard-Jones 12-6 potential to model the viscosity of acid gas mixtures in a 
later work by the same authors is justified.  
 
Objective of the paper: To provide a comparative study of the viscosity and the pressure of spherical fluid 
particles, computed by using the Lennard-Jones α-6 and the exponential α-6 potentials. 
 
Methodology used:  The viscosity and the pressure of spherical fluid particles, were computed by using 
the Lennard-Jones α-6 and the exponential α-6 potentials. In the case of the Lennard-Jones potential the α 
was varying from 10 to 20, and for the exponential α-6 the α parameter was varying from 12-22. Six dif-
ferent thermodynamic states were tested that cover a large range of conditions, from sub- to supercritical 
temperature, and from low to high densities. The potentials were then applied to real simple fluids (O2, 
N2, Ar, CH4, C2H6 and air as a mixture), and the calculated values of viscosity and pressure are compared 
with reference values.  
 
Conclusion reached: The results show that by using the appropriate α parameter, both Lennard-Jones and 
exponential potential families provide good accuracy in pressure and viscosity, with average absolute de-
viations always less than 5 %. It is also shown that the results of the exponential potential do not outper-
form the ones obtained by applying the Lennard-Jones potential. The best results are obtained for the 
Lennard-Jones 12-6 and the exponential 14-6 potentials. This result explains why, despite no theoretical 
background, the 12-6 Lennard-Jones potential is so widely used. The research is also validating the Van 
der Waals one fluid model used for the studied mixture (air).       
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Ind. Eng. Chem. Res., Vol. 46, 5238-5244 (2007) 
Molecular dynamics simulation of acid gas mixtures: a comparison between several approximations  
Authors: Galliéro, G., Nieto-Draghi, C., Boned, C., Avalos, J.B., Mackie, A.D., Baylaucq, A., and Mon-
tel, F. 
 
Contribution to the viscosity of acid gas: The results showed that the isotropic multipolar model (IMP) is 
the best option for obtaining molecular dynamics simulations viscosity results, and in a later publication 
this formulation was applied for modeling the weakly polar hydrogen sulfide molecule. 
 
Objective of the paper: To present and compare the molecular dynamics viscosity results of methane 
(CH4), hydrogen sulfide (H2S), and carbon dioxide (CO2) along with viscosity results of their mixtures, 
chosen as representative of acid gas mixtures, by using three different models: the simple Lennard-Jones 
(LJ), an isotropic multipolar (IMP), and the LJ plus point charge (LJP).  
 
Methodology used: Molecular dynamics simulations of CH4, H2S, and CO2 have been performed, in or-
der to compute static (pressure or density) and dynamic properties (shear viscosity). 
 
Conclusion reached: The isotropic multipolar (IMP) approximation seems to be the best option for engi-
neering calculations of physical properties, because it is quick to compute, ensures accuracy, and is weak-
ly dependent on the applied combining rules. It is also shown that a Van der Waals fluid model combined 
with an accurate LJ equation of state, together with a correlation of viscosity is able to provide results 
consistent with the simulations.  
 
Comments: For the CH4-H2S-CO2 mixture a strong dependence of the pressure on the molecular models, 
as well as on the combining rules (in case of LJP model) was found. It is also noted that viscosity is less 
dependent on the choice of model and combining rules.  
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Fluid Phase Equilibria, Vol. 269, No. 1-2, 19-24 (2008) 
Dynamic viscosity estimation of hydrogen sulfide using a predictive scheme based on molecular dynam-
ics  
Authors: Galliéro, G., and Boned, C. 
 
Contribution to the viscosity of acid gas: It presented a viscosity prediction method for hydrogen sulfide 
based on molecular dynamics results on Lennard-Jones spheres.  
 
Objective of the paper: To propose a totally predictive method (no fitting to experimental viscosity data), 
for estimating the dynamic viscosity of hydrogen sulfide. The dipolar hydrogen sulfide molecule is mod-
eled as a simple Lennard-Jones sphere by applying an isotropic dipolar assumption. 
 
Methodology used: It introduced the isotropic dipolar potential (IDP) approximation to account for the 
dipole moment of hydrogen sulfide. The hydrogen sulfide dipolar molecule can then be treated as a sim-
ple Lennard-Jones sphere with temperature dependent molecular parameters. 
 
Conclusion reached: After comparison between the data generated by the proposed model, REFPROP7, 
REFPROP8 by NIST (National Institute of Standards and Technology), and with the available viscosity 
experimental data, it was shown that the proposed model, and without any fitting to experimental viscosi-
ty data, yields slightly better results than REFPROP software package.  
 
Comments: The isotropic dipolar approximation should be taken with care at low temperatures (below 
200 K in dense fluids). The interest of the method is that the adjustment of the molecular parameters does 
not involve any viscosity data, and therefore the model is entirely predictive.  
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Energy and Fuels, Vol. 22, No. 5, 3424-3434 (2008)  
Hydrogen sulfide viscosity modeling 
Authors: Schmidt, K.A.G., Quiñones-Cisneros, S.E., Caroll, J.J., and Kvamme, B. 
 
Contribution to the viscosity of acid gas: This paper provides the extension of the friction theory (f-
theory) to account for the viscosity prediction of hydrogen sulfide.  
 
Objective of the paper: In the initial development of the f-theory, hydrogen sulfide was not explicitly 
studied, and therefore, this study was used to ensure that the substance is accurately modeled by the f-
theory approach.  
 
Methodology used: A reference viscosity model based on the generalized f-theory was developed. The 
model was then used as a reference equation for the tuning of the one-parameter f-theory model. The ap-
plied methodology managed to extend the one-parameter f-theory model to include hydrogen sulfide.   
 
Conclusion reached: An exhaustive collection of the data available in the literature has been performed 
revealing a very limited number of hydrogen sulfide viscosity experimental points available. After a criti-
cal evaluation of the available pure hydrogen sulfide viscosity data, a reference viscosity model based on 
the generalized f-theory was developed. The one-parameter f-theory was also extended to include hydro-
gen sulfide, and it was shown that the model is able to reproduce existing experimental viscosities of pure 
hydrogen sulfide and its mixtures, in pressure and temperature ranges relevant to the petroleum industry.      
 
Comments: Due to the lack of available hydrogen sulfide experimental viscosity data, the reference f-
theory model was fundamentally developed based upon any reliable hydrogen sulfide experimental data, 
in combination of low pressure scaled carbon dioxide (CO2) data, and elevated pressure scaled ethane 
(C2H6) data.      
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SPE 121484 (2009) 
High pressure acid gas viscosity correlation  
Authors: Galliéro, G., Boned, C., Baylaucq, A., and Montel, F. 
 
Contribution to the viscosity of acid gas: It presented a correlation based on a corresponding states ap-
proach to predict the viscosity of acid gas mixtures.   
 
Objective of the paper: To provide an acid gas viscosity prediction correlation based on the Lennard-
Jones fluid model, which has been studied extensively by using molecular dynamics simulations over a 
wide range of thermodynamic conditions.  
 
Methodology used: By using a simple van der Waals one fluid approximation, and a set of combining 
rules the proposed correlation for the viscosity prediction of pure fluids is extended to various mixtures in 
a fully predictive way (i.e. without any additional fitted parameters).  
 
Conclusion reached: By using the proposed scheme, the deviations between predictions and measure-
ments are as low as on pure fluids. It is shown that the proposed scheme is able to predict very well the 
viscosity of natural and acid gas mixtures in reservoir conditions. In addition, it is shown that the pro-
posed correlation can also be applied to predict the viscosity of asymmetric high pressure mixtures even 
in the liquid phase. 
  
Comments: The proposed scheme is used to predict the viscosity of fluid mixtures in which the pure 
components are successfully represented by the Lennard-Jones fluid model. The method is easy to plug in 
any simulation software as long as the only inputs, the molecular parameters, are directly related to the 
critical volume and temperature.  
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SPE 120046 (2009) 
Review and outlook of subsurface acid gas disposal  
Authors: Carroll, J.J., Griffin, P.J., and Alkafeef, S.F. 
 
Contribution to the viscosity of acid gas: This paper provides a review of the state of the art for acid gas 
injection (AGI). Some of the differences between the current small and medium scale injection schemes, 
and the proposed by some operators, large scale injection schemes are discussed. The discussion reveals 
that the estimation of the acid gas viscosity by using predictive methods is paramount, for the further de-
velopment of larger AGI schemes. The paper also provides the typical subsurface acid gas disposal ther-
modynamic conditions, in which the prediction methods should be used to estimate the acid gas viscosity.     
 
Objective of the paper: To provide a review of the current small and medium scale acid gas injection 
(AGI) schemes, and discuss about the differences between the small and larger injection schemes. The 
paper focus on the surface facilities, however wells and the injection reservoir are also discussed. 
 
Methodology used: Case studies of five existing injection processes well documented in the literature 
(West Pembina, Acheson, Wayne-Rosedale, Sleipner, and Lisbon), are presented.   
 
Conclusion reached: Many differences and similarities between small and large injection schemes have 
been reviewed, and the most important difference is the need for redundancy. In small scale injection 
schemes a single compressor is the norm. However for larger injection schemes one must consider re-
dundancy. The same conclusion is demonstrated for the injection wells, where multiple wells may be re-
quired for a mega injection scheme.  
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APPENDIX B. CRITICAL MILESTONES TABLE 
 
Table B1: Milestones in viscosity of acid gas study. 
 
Paper Year Title Authors Contribution 
Physica, Vol. 75, 
100-114 
1974 
“The interpretation of transport 
coefficients on the basis of the 
Van der Waals model – 1. Dense 
Fluids” 
Dymond, J.H. 
First to use the rigid sphere formalism to 
compute viscosity of fluids from kinetic theory 
of gases. 
Int. J. Thermophys., 
Vol. 10, 125-135 
1988a 
“The prediction of the viscosity of 
dense gas mixtures” 
Vesovic, V., and 
Wakeham, W.A. 
 
Use of rigid sphere theory to predict viscosity 
of fluid mixtures at high density. Applicable to 
supercritical regions and in liquid mixtures 
where the molecules are similar in mass. 
 
J. Phys. Chem. Ref. 
Data, Vol. 19, No. 3, 
763-908 
 
1990 
“The transport properties of car-
bon dioxide” 
 
Vesovic, V.,  
Wakeham, W.A., 
Olchowy, G.A., 
Sengers, J.V.,  
Watson, J.T.R., and 
Millat, J. 
 
Proposed the method used to predict the 
viscosity of carbon dioxide (CO2). 
Fluid Phase Equilib-
ria, Vol. 169, 249-
276 
2000 
“The friction theory (f-theory) for 
viscosity modeling” 
Schmidt, K.A.G., 
Quiñones-Cisneros, 
S.E., Carroll, J.J., 
and Kvamme, B. 
 
Proposed a new theory for viscosity modeling 
based on friction concepts of classical me-
chanics and the Van der Waals theory of 
fluids. The new theory was later extended to 
predict the viscosity of hydrogen sulfide and 
acid gas mixtures. 
 
Molecular Physics, 
Vol. 101, No. 3, 339-
352 
2003 
“Prediction of the viscosity of 
dense fluid mixtures” 
Royal, D.D.,  
Vesovic, V.,  
Trusler, J.P.M., and 
Wakeham, W.A. 
 
Introduced the modified Vesovic-Wakeham 
(VW) method for the viscosity prediction of 
dense fluid mixtures. In the current work, the 
method was used to predict the viscosity of 
the binary H2S-CO2 mixture, at the dense 
region. 
 
Petroleum Science 
and Technology, 
Vol. 21, No. 11-12, 
1759-1787 
2003 
“Predicting volumetric and 
transport properties of sour gas-
es and gas condensates using 
EOSs, corresponding state mod-
els, and empirical correlations” 
Elsharkawy, A.M. 
 
Reported the experimental viscosity values of 
various sour natural gas mixtures. These 
values were used by several authors as a 
reference for the validation of the studied 
methods to predict the viscosity of natural gas 
mixtures rich in hydrogen sulfide. 
 
The Journal of 
Chemical Physics, 
Vol. 123, 014505-1-
014505-8 
 
2005 
 
“Transport coefficients and dy-
namic properties of hydrogen 
sulfide from molecular simula-
tion” 
 
Nieto-Draghi, C., 
Mackie, A.D., and 
Avalos, J.B. 
 
 
Reported the molecular dynamics simulation 
results for the viscosity of hydrogen sulfide, 
that were used as a reference for the devel-
opment and validation of methods used to 
predict the viscosity of pure hydrogen sulfide 
and acid gas mixtures. 
 
Ind. Eng. Chem. 
Res., Vol. 44, 6963-
6972 
2005 
“Molecular dynamics study of the 
Lennard-Jones fluid viscosity: 
application to real fluids” 
Galliéro, G.,  
Boned, C., and 
Baylaucq, A. 
 
Proposed a representative correlation of the 
viscosity of the Lennard-Jones fluid. This new 
formulation was later used to model the re-
sidual viscosity of the pure hydrogen sulfide 
and of acid gas mixtures in the dense region. 
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J. Phys. Chem. B, 
Vol. 110, No. 25, 
12820-12834 
2006 
“Generalization of the friction 
theory for viscosity modeling” 
Quiñones-Cisneros, 
S.E., and  
Deiters, U.K. 
 
Extension of the friction theory by allowing the 
use of all types of equations of state (EoS). 
This generalized friction theory approach was 
used for the development of the reference 
H2S friction theory viscosity model. 
 
Physical Review E, 
Vol. 73, No. 6, 
061201 
2006 
 
“Molecular dynamics compara-
tive study of Lennard-Jones α-6 
and exponential α-6 potentials: 
Application to real simple fluids 
(viscosity and pressure)” 
 
Galliéro, G.,  
Boned, C.,  
Baylaucq, A., and 
Montel, F. 
Justified the choice of the Lennard-Jones 12-
6 potential to model the viscosity of acid gas 
mixtures in a later work by the same authors. 
Ind. Eng. Chem. 
Res., Vol. 46, 5238-
5244 
2007 
“Molecular dynamics simulation 
of acid gas mixtures: a compari-
son between several approxima-
tions” 
 
Galliéro, G.,  
Nieto-Draghi, C., 
Boned, C.,  
Avalos, J.B.,  
Mackie, A.D.,  
Baylaucq, A., and 
Montel, F. 
 
The results showed that the isotropic multipo-
lar model (IMP) is the best option for obtain-
ing molecular dynamics simulations viscosity 
results. This formulation was later applied for 
modeling the weakly polar hydrogen sulfide 
molecule. 
Fluid Phase Equilib-
ria, Vol. 269, No. 1-
2, 19-24 
2008 
 
“Dynamic viscosity estimation of 
hydrogen sulfide using a predic-
tive scheme based on molecular 
dynamics” 
 
Galliéro, G., and 
Boned, C. 
Proposed a viscosity prediction method for 
hydrogen sulfide based on molecular dynam-
ics results on Lennard-Jones spheres. 
Energy & Fuels, Vol. 
22, No. 5, 3424-
3434 
2008 
“Hydrogen sulfide viscosity mod-
eling” 
 
Schmidt, K.A.G., 
Quiñones-Cisneros, 
S.E., Carroll, J.J., 
and Kvamme, B. 
 
 
Provides the extension of the friction theory (f-
theory) to the viscosity prediction of hydrogen 
sulfide.  
SPE 120046 2009 
“Review and outlook of subsur-
face acid gas disposal” 
 
Carroll, J.J.,  
Griffin, P.J., and 
Alkafeef, S.F. 
 
Provides a review of the state of the art for 
acid gas injection (AGI).  
SPE 121484 2009 
“High pressure acid gas viscosity 
correlation” 
 
Galliéro, G.,  
Boned, C.,  
Baylaucq, A., and 
Montel, F. 
 
 
Proposed a correlation based on a corre-
sponding states approach to predict the vis-
cosity of acid gas mixtures.  
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APPENDIX C. CALCULATIONS & RESULTS 
 
The viscosity prediction methods used in the dilute gas and dense regions of pure hydrogen sulfide (H2S) 
and binary H2S-CO2 mixture, are the following: 
 
Chung et al., 1988 (Poling et al. 2001)  
 
𝜂0 = 4.0785
𝐹𝑐√𝑀𝑊∙𝑇
𝑉𝑐2/3∙Ω𝑣
                                                                                                                              (C-1) 
 
Where: η0 = Zero Density Viscosity (μPa∙s), MW = Molecular Weight (g/mol), T = Temperature (K), Vc 
= Critical Volume (cm
3
/mol) 
 
Ων = Viscosity Collision Integral (Neufeld et al. 1972): 
Ω𝜈 = 1.16145(𝑇
∗)−0.14874 + 0.52487(𝑒−0.77320∙𝑇
∗
) + 2.16178(𝑒−2.43787∙𝑇
∗
)                                  (C-2) 
        where: 𝑇∗ = 1.2593𝑇𝑟 
                    𝑇𝑟 =
𝑇
𝑇𝑐
  , Tc = Critical Temperature (K) 
 
𝐹𝑐 = 1 − 0.2756𝜔 + 0.059035𝜇𝑟
4 + 𝜅                                                                                                 (C-3) 
 
       where: ω is the accentric factor 
                   μr is the dimensionless dipole moment 
                   𝜇𝑟 = 131.3
𝜇
√𝑉𝑐𝑇𝑐
 , μ = dipole moment (Debye) 
                   κ = a special correction for polar substances  
 
Chung et al. method is extended to dilute gas mixtures by using the following Equation (C-4), and defin-
ing the following mixing and combining rules (Chung et al. Rules 1984, 1988): 
 
𝜂0,𝑚 = 2.669
𝐹𝑐𝑚√𝑀𝑚∙𝑇
𝜎𝑚
2 ∙Ω𝑣
                                                                                                                         (C-4) 
 
The mixing rules are: 
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𝜎𝑚
3 = ∑ ∑ 𝑦𝑖𝑦𝑗𝜎𝑖𝑗
3
𝑗𝑖
 
                                                     𝑇𝑚
∗ =
𝑇
(
𝜀
𝜅
)
𝑚
                          (
𝜖
𝜅
)
𝑚
=
∑ ∑ 𝑦𝑖𝑦𝑗(
𝜖𝑖𝑗
𝜅
)𝜎𝑖𝑗
3
𝑗𝑖
𝜎𝑚
3  
 
[
∑ ∑ 𝑦𝑖𝑦𝑗(
𝜖𝑖𝑗
𝜅
)𝜎𝑖𝑗
2 𝑀𝑖𝑗
1/2
𝑗𝑖
(
𝜖
𝜅
)
𝑚
∙𝜎𝑚
2
]
2
          𝜔𝑚 =
∑ ∑ 𝑦𝑖𝑦𝑗𝜔𝑖𝑗𝜎𝑖𝑗
3
𝑗𝑖
𝜎𝑚
3  
 
𝜇𝑚
4 = 𝜎𝑚
3 ∑ ∑ (
𝑦𝑖𝑦𝑗𝜇𝑖
2𝜇𝑗
2
𝜎𝑖𝑗
3 )𝑗𝑖             𝜅𝑚 = ∑ ∑ 𝑦𝑖𝑦𝑗𝜅𝑖𝑗𝑗𝑖  
 
The combining rules are: 
𝜎𝑖𝑖 = 𝜎𝑖 = 0.809𝑉𝑐𝑖
1/3
                  𝜎𝑖𝑗 = 𝜉𝑖𝑗√𝜎𝑖𝜎𝑗 
 
𝜀𝑖𝑖
𝜅
=
𝜀𝑖
𝜅
=
𝑇𝑐𝑖
1.2593
                          
𝜀𝑖𝑗
𝜅
= 𝜁𝑖𝑗√
𝜀𝑖
𝜅
𝜀𝑗
𝜅
 
 
𝜔𝑖𝑖 = 𝜔𝑖                               𝜔𝑖𝑗 =
𝜔𝑖+𝜔𝑗
2
 
 
𝜅𝑖𝑖 = 𝜅𝑖                               𝜅𝑖𝑗 = √𝜅𝑖𝜅𝑗 
 
𝑀𝑖𝑗 =
2𝑀𝑖𝑀𝑗
𝑀𝑖 + 𝑀𝑗
 
 
Where 𝜉𝑖𝑗 and 𝜁𝑖𝑗 are binary interaction parameters which are normally set equal to unity. 
 
The factor 𝐹𝑐𝑚 of Equation (C-4) is a factor to correct for shape and polarity and is given by: 
 
 𝐹𝑐𝑚 = 1 − 0.2756𝜔𝑚 + 0.059035𝜇𝑟𝑚
4 + 𝜅𝑚   
where: 
𝜇𝑟𝑚 = 131.3
𝜇𝑚
√𝑉𝑐𝑚𝑇𝑐𝑚
 
 
𝑉𝑐𝑚 = (
𝜎𝑚
0.809
)
3
 
 
𝑇𝑐𝑚 = 1.2593 (
𝜀
𝜅
)
𝑚
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In the above equations, Tc is in (K), Vc in cm
3/mol, μ in Debyes and η0,m in (μPa∙s). 
Lucas 1980, 1983, 1984a (Poling et al. 2001) 
 
𝜂𝑟 = 𝜉 ∙ 𝜂0 = 𝑓(𝑇𝑟)                                                                 (C-5) 
 
Where: ηr = Reduced Viscosity  
             η0 = Zero Density Viscosity (μPa∙s) 
             ξ = Inverse Viscosity (μPa∙s)-1, 
 
                 𝜉 = 0.0176 ∙ (
𝑇𝑐
𝑀𝑊3𝑃𝑐
4)
1/6
 
 
Tc = Critical Temperature (K), MW = Molecular Weight (g/mol), Pc = Critical Pressure (bar) 
 
𝜂𝑟 = 𝜉 ∙ 𝜂 = [0.807𝑇𝑟
0.618 − 0.357𝑒−0.449𝑇𝑟 + 0.340𝑒−4.058𝑇𝑟 + 0.018] ∙ 𝐹𝑝
0 ∙ 𝐹𝑞
0                              (C-6) 
 
𝐹𝑝
0 and 𝐹𝑞
0 are correction factors to account for polarity or quantum effects. 
𝐹𝑝
0 = 1                                                                                                  0 ≤ 𝜇𝑟 < 0.022 
𝐹𝑝
0 = 1 + 30.55(0.292 − Zc)
1.72                                                  0.022 ≤ μr < 0.075 
𝐹𝑝
0 = 1 + 30.55(0.292 − Zc)
1.72 ∙ |0.96 + 0.1(Tr − 0.7)|          0.075 ≤ μr 
 
Where the dimensionless dipole moment is defined differently than Chung et al.:  
 𝜇𝑟 = 52.46
𝜇2𝑃𝑐
𝑇𝑐
2                                                                       (C-7) 
μ = Dipole Moment (Debye), Tc = Critical Temperature (K), Pc = Critical Pressure (bar) 
 
The 𝐹𝑞
0 factor is used only for the quantum gases He, H2, D2, and was not used in this paper. 
 
The Lucas method is extended for dilute gas mixtures by defining the following mixture properties (Lu-
cas Rules 1980, 1983, 1984a): 
 
𝑇𝑐𝑚 = ∑ 𝑦𝑖𝑇𝑐𝑖𝑖                 𝑃𝑐𝑚 = 𝑅𝑇𝑐𝑚
∑ 𝑦𝑖𝑍𝑐𝑖𝑖
∑ 𝑦𝑖𝑉𝑐𝑖𝑖
 
 
𝑀𝑚 = ∑ 𝑦𝑖𝑀𝑖𝑖                 𝐹𝑝𝑚
0 = ∑ 𝑦𝑖𝐹𝑝𝑖
0
𝑖  
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The Kinetic Theory of Gases (Maitland et al. 1981)  
For the viscosity of a binary gas mixture: 
[𝜂𝑚]1 =
1+𝑍𝜂
𝑋𝜂+𝑌𝜂
                                                                                                                                         (C-8) 
Where:                                                              𝑋𝜂 =
𝑥1
2
[𝜂1]1
+
2𝑥1𝑥2
[𝜂12]1
+
𝑥2
2
[𝜂2]1
 
 
𝑌𝜂 =
3
5
𝐴12
∗ {
𝑥1
2
[𝜂1]1
(
𝑚1
𝑚2
) +
2𝑥1𝑥2
[𝜂12]1
[
(𝑚1 + 𝑚2)
2
4𝑚1𝑚2
(
[𝜂12]1
2
[𝜂1]1[𝜂2]1
)] +
𝑥2
2
[𝜂2]1
(
𝑚2
𝑚1
)} 
 
𝑍𝜂 =
3
5
𝐴12
∗ {𝑥1
2 (
𝑚1
𝑚2
) + 2𝑥1𝑥2 [
(𝑚1 + 𝑚2)
2
4𝑚1𝑚2
(
[𝜂12]1
[𝜂1]1
+
[𝜂12]1
[𝜂2]1
) − 1] + 𝑥2
2 (
𝑚2
𝑚1
)} 
 
The zero density viscosity 𝜂𝑖
(0)
, the interaction viscosity 𝜂𝑖𝑗
(0)
 and the quantity 𝐴𝑖𝑗
∗ , can be estimated from 
the correlations (Royal et al. 2005):   
 
𝜂𝑖𝑗
(0)
= 0.026696 [
2𝑚𝑖𝑚𝑗𝑇
𝑚𝑖+𝑚𝑗
]
1/2
1
𝜎𝑖𝑗
2 Ω𝜂
                                                                                                         (C-9) 
 
where:    
ln Ω𝜂 = 0.442573 − 0.51384 ln 𝑇
∗ + 0.154757(ln 𝑇∗)2 − 0.028218(ln 𝑇∗)3 + 0.0015783(ln 𝑇∗)4 
ln 𝐴𝑖𝑗
∗ = 0.1281 − 0.1108 ln 𝑇∗ + 0.0962(ln 𝑇∗)2 − 0.0271(ln 𝑇∗)3 + 0.0024(ln 𝑇∗)4                 (C-10) 
Where:       𝑇∗ =
𝑇
𝜀𝑖𝑗
 
 
The values of 𝜀𝑖𝑗 and 𝜎𝑖𝑗 are obtained from the following mixing rules: 
 
𝜀𝑖𝑗 = √𝜀𝑖𝜀𝑗      and     𝜎𝑖𝑗 =
𝜎𝑖+𝜎𝑗
2
 
 
For the pure species, 𝜀𝑖 and 𝜎𝑖, can be estimated from their critical temperature (Tc), and pressure (Pc) : 
 
𝜀𝑖 = 0.775𝑇𝑐           and           𝜎𝑖 = 0.111627 (
𝑇𝑐
𝑃𝑐
)
1/3
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where the units of the used parameters are: Energy and Distance scaling parameters ε (K), σ (nm), Criti-
cal Temperature, Tc (K), Critical Pressure, Pc (MPa), Molecular Weight, m (g/mol), Viscosity, η (μPa∙s). 
 
Reichenberg Method 1974, 1977, 1979 (Poling et al. 2001) 
 For the viscosity of a binary gas mixture, we have: 
 𝜂𝑚 = 𝐾1(1 + 𝐻12
2 𝐾2
2) + 𝐾2(1 + 2𝐻12𝐾1 + 𝐻12
2 𝐾1
2)                                                                   (C-11) 
 
𝐾1 =
𝑦1𝜂1
𝑦1 + 𝜂1{𝑦2𝐻12[3 + (2𝑚2/𝑚1)]}
 
 
𝐾2 =
𝑦2𝜂2
𝑦2 + 𝜂2{𝑦1𝐻12[3 + (2𝑚1/𝑚2)]}
 
 
𝑈1 =
[1 + 0.36𝑇𝑟1(𝑇𝑟1 − 1)]
1/6
𝑇𝑟1
1/2
{
𝑇𝑟1
3.5 + (10𝜇𝑟1)
7
𝑇𝑟1
3.5[1 + (10𝜇𝑟1)7]
} 
 
𝑇𝑟𝑖 =
𝑇
𝑇𝑐𝑖
 
with a comparable expression for U2 quantity of component 2. The reduced dipole moment 𝜇𝑟𝑖 is given 
by the same expression of Lucas method [Eq. (C-7)]. 
 
𝐶1 =
𝑚1
1/4
(𝜂1𝑈1)1/2
 
 
with a comparable expression for C2 quantity of component 2. 
 
𝐻12 =
(𝑚1𝑚2/32)
1/2
(𝑚1 + 𝑚2)3/2
(𝐶1 + 𝐶2)
2
[1 + 0.36𝑇𝑟12(𝑇𝑟12 − 1)]
1/6
𝑇𝑟12
1/2
𝑇𝑟12
3.5 + (10𝜇𝑟12)
7
𝑇𝑟12
3.5[1 + (10𝜇𝑟12)7]
 
 
with        𝑇𝑟12 =
𝑇
√𝑇𝑐1𝑇𝑐2
          and            𝜇𝑟12 = √𝜇𝑟1𝜇𝑟2 
 
Reichenberg method is an interpolative method for the dilute gas viscosity prediction of a binary gas mix-
ture. Thus, for the application of Reichenberg method, the viscosity values for the pure components 
should be available, at system temperature.   
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The units of the used parameters are: Temperature (K), Critical Temperature, Tci (K), Critical Pressure, 
Pci (bar), Molecular Weight, mi (g/mol), Dipole Moment μi (Debye), Predicted Mixture Viscosity, ηm 
(μP), where i = 1, 2. 
Modified Vesovic-Wakeham (VW) method (Royal et al. 2003) 
The VW method for calculating the viscosity of a dense fluid mixture is based on the Thorne-Enskog rig-
id spheres theory. According to the Thorne-Enskog theory the viscosity of a dense fluid mixture can be 
expressed as: 
 
𝜂 = −
|
𝐻11 … 𝐻1𝑁
⋮ ⋮ ⋮
𝐻𝑁1
𝑌1
…
…
𝐻𝑁𝑁
𝑌𝑁
    
𝑌1
⋮
𝑌𝑁
0
|
|
𝐻11 ⋯ 𝐻1𝑁
⋮ ⋮ ⋮
𝐻𝑁1 … 𝐻𝑁𝑁
|
+ 𝜅𝑚𝑖𝑥                                                                                                           (C-12) 
 
𝑌𝑖 = 𝑥𝑖 [1 + ∑
𝑚𝑗
𝑚𝑖+𝑚𝑗
𝑁
𝑗=1 𝑥𝑗?̅?𝑖𝑗?̅?𝑖𝑗𝜌𝑚]                                                                      (C-13) 
 
𝐻𝑖𝑖 =
𝑥𝑖
2?̅?𝑖𝑖
𝜂
𝑖
(0) + ∑
𝑥𝑖𝑥𝑗?̅?𝑖𝑗
2𝐴𝑖𝑗
∗ 𝜂
𝑖𝑗
(0)
𝑚𝑖𝑚𝑗
(𝑚𝑖+𝑚𝑗)
2𝑗≠𝑖 [
20
3
+
4𝑚𝑗
𝑚𝑖
𝐴𝑖𝑗
∗ ]                                                                                 (C-14) 
 
𝐻𝑖𝑗(𝑗 ≠ 𝑖) = −
𝑥𝑖𝑥𝑗?̅?𝑖𝑗
2𝐴𝑖𝑗
∗ 𝜂
𝑖𝑗
(0)
𝑚𝑖𝑚𝑗
(𝑚𝑖+𝑚𝑗)
2 [
20
3
− 4𝐴𝑖𝑗
∗ ]                                                                                         (C-15) 
 
𝜅𝑚𝑖𝑥 =
3
𝜋
𝜌𝑚
2 ∑ ∑ 𝑥𝑖𝑥𝑗?̅?𝑖𝑗?̅?𝑖𝑗
2 𝜂𝑖𝑗
(0)𝑁
𝑗=1
𝑁
𝑖=1                                                                                                 (C-16) 
 
Where ρm is the molar density, 𝑥𝑖  and  𝑚𝑖 are the mole fraction and molecular mass of species i respec-
tively. The quantities  𝜂𝑖
(0)
 and  𝜂𝑖𝑗
(0)
, are the zero density viscosity of species i and the interaction viscosi-
ty of an i-j pair respectively. The quantity 𝐴𝑖𝑗
∗  is a weakly temperature dependent function of an i-j pair 
interaction. The ?̅?𝑖𝑗 is a temperature dependent function that accounts for the shortening of the mean free 
path for an i-j collision in the dense fluid. The ?̅?𝑖𝑗 is the pseudo-radial distribution function at contact for 
the species i and j in the presence of all other species in the mixture. A single subscript i is used to indi-
cate an i-i pair interaction in the pure fluid and a double ii to indicate an i-i pair interaction in the pres-
ence of all other species in the mixture. The evaluation of ?̅?𝑖𝑗 and ?̅?𝑖𝑗 is made by using mixing rules. 
These mixing rules are based on the Lebowitz’s solution of the Percus-Yevick integral equation for the 
radial distribution function of a multicomponent mixture, and on the assumption that the presence of j 
type molecules in a mixture affect the interaction between like species i. The pseudo-radial distribution 
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function for a pure component i is calculated from the pure species viscosity.   
 
 
Deviation 
The deviations (%) between the various methods were calculated by using the following expression: 
 
𝐷𝐸𝑉𝑖 = 100 ∙ (
𝜂𝑐𝑎𝑙𝑐,𝑖−𝜂𝑟𝑒𝑓,𝑖
𝜂𝑟𝑒𝑓,𝑖
)                                                                                                                  (C-17) 
 
where 𝐷𝐸𝑉𝑖 is the deviation of the data point i, ηcalc,i is the calculated viscosity of the data point i, using a 
selected predictive method, and ηref,i is the calculated viscosity by using the method of reference. If ex-
perimental data are available, ηref,i is substituted with ηexp,i in Equation (C-17).    
 
Average Absolute Deviation (AAD) 
AAD is defined by the following expression: 
 
𝐴𝐴𝐷𝑖 =
1
𝑁
∑ |𝐷𝐸𝑉𝑖|
𝑁
𝑖=1                                                                                                                            (C-18) 
 
BIAS  
BIAS is defined by the following expression: 
 
𝐵𝐼𝐴𝑆𝑖 =
1
𝑁
∑ 𝐷𝐸𝑉𝑖
𝑁
𝑖=1                                                                                                                             (C-19) 
 
Maximum Deviation (MxD)  
Maximum Deviation (MxD) is defined as the maximum value of the absolute deviations between a pre-
dictive method and an available reference or experimental data set. 
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Plots of hydrogen sulfide (H2S) dilute gas region. 
 
 
Figure C1: H2S viscosity in the dilute gas region: calculated data of 
Hellmann et al. (2010), and predicted viscosity data provided by: 
Chung et al., Lucas, Galliero et al. dilute gas term, and REFPROP8. 
 
 
 
Figure C3: Deviations (%) after fitting, compared to the Hellmann et 
al. (2010) calculated H2S dilute gas viscosity data, of: Chung et al., 
Galliero et al. (dilute gas term), and Kinetic Theory.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C2: Deviations (%), compared to the Hellmann et al. (2010) 
calculated H2S dilute gas viscosity data, of: Chung et al., Lucas, Gal-
liero et al. (dilute gas term), and REFPROP8.  
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Plots of hydrogen sulfide (H2S) dense region. 
 
 
Figure C4: H2S viscosity in the dense region: predicted viscosity data 
provided by: (▲) Galliero et al., (●) REFPROP8, and ( ) Corrected 
Galliero methods. H2S Vapour Phase. Isotherm T=250 K. 
  
 
 
Figure C6: H2S viscosity in the dense region: predicted viscosity data 
provided by: (▲) Galliero et al., (●) REFPROP8, and ( ) Corrected 
Galliero methods. H2S Vapour Phase. Isotherm T=300 K. 
 
 
Figure C8: H2S viscosity in the dense region: predicted viscosity data 
provided by: (▲) Galliero et al., (●) REFPROP8, and ( ) Corrected 
Galliero methods. H2S Vapour Phase. Isotherm T=350 K. 
 
 
 
 
 
 
 
Figure C5: Deviations (%) compared to REFPROP8, for the H2S 
viscosity in the dense region, of: (▲) Galliero et al., and ( ) Correct-
ed Galliero methods. H2S Vapour Phase. Isotherm T=250 K. 
 
 
 
Figure C7: Deviations (%) compared to REFPROP8, for the H2S 
viscosity in the dense region, of: (▲) Galliero et al., and ( ) Correct-
ed Galliero methods. H2S Vapour Phase. Isotherm T=300 K. 
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Figure C9: Deviations (%) compared to REFPROP8, for the H2S 
viscosity in the dense region, of: (▲) Galliero et al., and ( ) Correct-
ed Galliero methods. H2S Vapour Phase. Isotherm T=350 K. 
 
 
 
 
Figure C10: H2S viscosity in the dense region: predicted viscosity 
data provided by: (▲) Galliero et al., (●) REFPROP8, and ( ) Cor-
rected Galliero methods. H2S Liquid Phase. Isotherm T=250 K. 
 
 
 
Figure C12: H2S viscosity in the dense region: predicted viscosity 
data provided by: (▲) Galliero et al., (●) REFPROP8, and ( ) Cor-
rected Galliero methods. H2S Liquid Phase. Isotherm T=300 K. 
 
 
 
 
Figure C14: H2S viscosity in the dense region: predicted viscosity 
data provided by: (▲) Galliero et al., (●) REFPROP8, and ( ) Cor-
rected Galliero methods. H2S Liquid Phase. Isotherm T=350 K. 
 
 
 
 
Figure C11: Deviations (%) compared to REFPROP8, for the H2S 
viscosity in the dense region, of: (▲) Galliero et al., and ( ) Correct-
ed Galliero methods. H2S Liquid Phase. Isotherm T=250 K. 
 
 
 
Figure C13: Deviations (%) compared to REFPROP8, for the H2S 
viscosity in the dense region, of: (▲) Galliero et al., and ( ) Correct-
ed Galliero methods. H2S Liquid Phase. Isotherm T=300 K. 
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Figure C15: Deviations (%) compared to REFPROP8, for the H2S 
viscosity in the dense region, of: (▲) Galliero et al., and ( ) Correct-
ed Galliero methods. H2S Liquid Phase. Isotherm T=350 K. 
 
 
 
 
 
 
Figure C16: H2S viscosity in the dense region: predicted viscosity 
data provided by: (▲) Galliero et al., (●) REFPROP8, and ( ) Cor-
rected Galliero methods. H2S Supercritical Phase. Isotherm T=400 
K. 
 
 
 
 
Figure C18: H2S viscosity in the dense region: predicted viscosity 
data provided by: (▲) Galliero et al., (●) REFPROP8, and ( ) Cor-
rected Galliero methods. H2S Supercritical Phase. Isotherm T=450 
K. 
 
 
 
 
 
 
 
 
 
 
Figure C17: Deviations (%) compared to REFPROP8, for the H2S 
viscosity in the dense region, of: (▲) Galliero et al., and ( ) Correct-
ed Galliero methods. H2S Supercritical Phase. Isotherm T=400 K. 
 
 
 
 
 
Figure C19: Deviations (%) compared to REFPROP8, for the H2S 
viscosity in the dense region, of: (▲) Galliero et al., and ( ) Correct-
ed Galliero methods. H2S Supercritical Phase. Isotherm T=450 K. 
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Plots of binary H2S-CO2 mixture dilute gas re-
gion. 
 
 
 
Figure C20: Deviations (%) of: Reichenberg method (●), Chung et al. 
(▲), Lucas (■), Galliero et al. (x), and REFPROP8 (◊), compared 
with the results provided by Kinetic Theory, for H2S mole fraction 
x1=0.0 (Pure CO2) 
 
Figure C22: Deviations (%) of: Reichenberg method (●), Chung et al. 
(▲), Lucas (■), Galliero et al. (x), and REFPROP8 (◊), compared 
with the results provided by Kinetic Theory, for H2S mole fraction 
x1=0.2 
 
Figure C24: Deviations (%) of: Reichenberg method (●), Chung et al. 
(▲), Lucas (■), Galliero et al. (x), and REFPROP8 (◊), compared 
with the results provided by Kinetic Theory, for H2S mole fraction 
x1=0.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C21: Deviations (%) of: Reichenberg method (●), Chung et al. 
(▲), Lucas (■), Galliero et al. (x), and REFPROP8 (◊), compared 
with the results provided by Kinetic Theory, for H2S mole fraction 
x1=0.1 
 
Figure C23: Deviations (%) of: Reichenberg method (●), Chung et al. 
(▲), Lucas (■), Galliero et al. (x), and REFPROP8 (◊), compared 
with the results provided by Kinetic Theory, for H2S mole fraction 
x1=0.3 
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Figure C25: Deviations (%) of: Reichenberg method (●), Chung et al. 
(▲), Lucas (■), Galliero et al. (x), and REFPROP8 (◊), compared 
with the results provided by Kinetic Theory, for H2S mole fraction 
x1=0.5 
 
 
 
 
 
 
 
Figure C26: Deviations (%) of: Reichenberg method (●), Chung et al. 
(▲), Lucas (■), Galliero et al. (x), and REFPROP8 (◊), compared 
with the results provided by Kinetic Theory, for H2S mole fraction 
x1=0.6 
 
Figure C28: Deviations (%) of: Reichenberg method (●), Chung et al. 
(▲), Lucas (■), Galliero et al. (x), and REFPROP8 (◊), compared 
with the results provided by Kinetic Theory, for H2S mole fraction 
x1=0.8 
 
Figure C30: Deviations (%) of: Reichenberg method (●), Chung et al. 
(▲), Lucas (■), Galliero et al. (x), and REFPROP8 (◊), compared 
with the results provided by Kinetic Theory, for H2S mole fraction 
x1=1.0 (Pure H2S) 
 
 
Figure C27: Deviations (%) of: Reichenberg method (●), Chung et al. 
(▲), Lucas (■), Galliero et al. (x), and REFPROP8 (◊), compared 
with the results provided by Kinetic Theory, for H2S mole fraction 
x1=0.7 
 
Figure C29: Deviations (%) of: Reichenberg method (●), Chung et al. 
(▲), Lucas (■), Galliero et al. (x), and REFPROP8 (◊), compared 
with the results provided by Kinetic Theory, for H2S mole fraction 
x1=0.9 
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Figure C31: Deviations (%), compared to Kinetic Theory predicted 
H2S-CO2 mixture viscosity, for T=300 K isotherm, of: Reichenberg 
method (●), Chung et al. (▲), Lucas (■), Galliero et al. (x), and 
REFPROP8 (◊) 
 
Figure C33: Deviations (%), compared to Kinetic Theory predicted 
H2S-CO2 mixture viscosity, for T=450 K isotherm, of: Reichenberg 
method (●), Chung et al. (▲), Lucas (■), Galliero et al. (x), and 
REFPROP8 (◊) 
 
Figure C35: Excess Viscosity [ ∆𝜼 = 𝜼𝒎𝒊𝒙𝒕𝒖𝒓𝒆 − 𝑿𝟏𝜼𝑯𝟐𝑺 − 𝑿𝟐𝜼𝑪𝑶𝟐 ] of 
Reichenberg method (●), Chung et al. (▲), Lucas (■), Galliero et al. 
(x), REFPROP8 (◊), and  Kinetic Theory (ж), as a function of H2S-
CO2 mixture composition, for the T=300 K isotherm. 
 
 
Figure C32: Deviations (%), compared to Kinetic Theory predicted 
H2S-CO2 mixture viscosity, for T=600 K isotherm, of: Reichenberg 
method (●), Chung et al. (▲), Lucas (■), Galliero et al. (x), and 
REFPROP8 (◊) 
 
Figure C34: Predicted Viscosity of Reichenberg method (●), Chung 
et al. (▲), Lucas (■), Galliero et al. (x), REFPROP8 (◊), and Kinetic 
Theory (ж), as a function of H2S-CO2 mixture composition, for the 
T=300 K isotherm. 
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Plots of binary H2S-CO2 mixture dense region. 
 
 
Figure C36: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Vapour. X1 = 0.0 (Pure CO2) 
 
 
 
Figure C38: Predicted Viscosity of VW, Galliero et al., and 
REFPROP8, for T=250 K isotherm (●), and T=300 K isotherm (▲), 
as a function of pressure (bar). H2S-CO2 Liquid. X1 = 0.0 (Pure CO2) 
 
 
 
Figure C40: Predicted Viscosity of VW, Galliero et al., and 
REFPROP8, for T=350 K isotherm (●), T=400 K isotherm (▲), and 
T=450 K isotherm (■), as a function of pressure (bar). H2S-CO2 Su-
percritical. X1 = 0.0 (Pure CO2) 
 
 
 
 
 
 
 
Figure C37: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Vapour. X1 = 0.0 (Pure CO2) 
 
 
Figure C39: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Liquid. X1 = 0.0 (Pure CO2) 
 
 
Figure C41: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=350 K 
isotherm (●), T=400 K isotherm (▲), and T=450 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Supercritical. X1 = 0.0 (Pure 
CO2) 
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Figure C42: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Vapour. X1 = 0.1 
 
 
Figure C44: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Liquid. X1 = 0.1 
 
 
Figure C46: Predicted Viscosity of VW, Galliero et al., and 
REFPROP8, for T=350 K isotherm (●), T=400 K isotherm (▲), and 
T=450 K isotherm (■), as a function of pressure (bar). H2S-CO2 Su-
percritical. X1 = 0.1 
 
 
Figure C43: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Vapour. X1 = 0.1 
 
 
Figure C45: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Liquid. X1 = 0.1 
 
 
Figure C47: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=350 K 
isotherm (●), T=400 K isotherm (▲), and T=450 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Supercritical. X1 = 0.1 
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Figure C48: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Vapour. X1 = 0.2 
 
 
Figure C50: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Liquid. X1 = 0.2 
 
 
Figure C52: Predicted Viscosity of VW, Galliero et al., and 
REFPROP8, for T=350 K isotherm (●), T=400 K isotherm (▲), and 
T=450 K isotherm (■), as a function of pressure (bar). H2S-CO2 Su-
percritical. X1 = 0.2 
 
 
Figure C49: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Vapour. X1 = 0.2 
 
 
Figure C51: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Liquid. X1 = 0.2 
 
 
Figure C53: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=350 K 
isotherm (●), T=400 K isotherm (▲), and T=450 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Supercritical. X1 = 0.2 
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Figure C54: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Vapour. X1 = 0.3 
 
 
 
Figure C56: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Liquid. X1 = 0.3 
 
 
 
 
Figure C58: Predicted Viscosity of VW, Galliero et al., and 
REFPROP8, for T=350 K isotherm (●), T=400 K isotherm (▲), and 
T=450 K isotherm (■), as a function of pressure (bar). H2S-CO2 Su-
percritical. X1 = 0.3 
 
Figure C55: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Vapour. X1 = 0.3 
 
 
Figure C57: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Liquid. X1 = 0.3 
 
 
 
Figure C59: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=350 K 
isotherm (●), T=400 K isotherm (▲), and T=450 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Supercritical. X1 = 0.3 
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Figure C60: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Vapour. X1 = 0.4 
 
 
 
Figure C62: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Liquid. X1 = 0.4 
 
 
 
 
Figure C64: Predicted Viscosity of VW, Galliero et al., and 
REFPROP8, for T=350 K isotherm (●), T=400 K isotherm (▲), and 
T=450 K isotherm (■), as a function of pressure (bar). H2S-CO2 Su-
percritical. X1 = 0.4 
 
Figure C61: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Vapour. X1 = 0.4 
 
 
Figure C63: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Liquid. X1 = 0.4 
 
 
 
Figure C65: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=350 K 
isotherm (●), T=400 K isotherm (▲), and T=450 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Supercritical. X1 = 0.4 
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Figure C66: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Vapour. X1 = 0.5 
 
 
 
Figure C68: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Liquid. X1 = 0.5 
 
 
 
 
Figure C70: Predicted Viscosity of VW, Galliero et al., and 
REFPROP8, for T=350 K isotherm (●), T=400 K isotherm (▲), and 
T=450 K isotherm (■), as a function of pressure (bar). H2S-CO2 Su-
percritical. X1 = 0.5 
 
Figure C67: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Vapour. X1 = 0.5 
 
 
Figure C69: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Liquid. X1 = 0.5 
 
 
 
Figure C71: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=350 K 
isotherm (●), T=400 K isotherm (▲), and T=450 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Supercritical. X1 = 0.5 
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Figure C72: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Vapour. X1 = 0.6 
 
 
 
Figure C74: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Liquid. X1 = 0.6 
 
 
 
 
Figure C76: Predicted Viscosity of VW, Galliero et al., and 
REFPROP8, for T=350 K isotherm (●), T=400 K isotherm (▲), and 
T=450 K isotherm (■), as a function of pressure (bar). H2S-CO2 Su-
percritical. X1 = 0.6 
 
Figure C73: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Vapour. X1 = 0.6 
 
 
Figure C75: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Liquid. X1 = 0.6 
 
 
 
Figure C77: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=350 K 
isotherm (●), T=400 K isotherm (▲), and T=450 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Supercritical. X1 = 0.6 
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Figure C78: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Vapour. X1 = 0.7 
 
 
 
Figure C80: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), and T=300 K isotherm (▲), as a function 
of pressure (bar). H2S-CO2 Liquid. X1 = 0.7 
 
 
 
 
Figure C82: Predicted Viscosity of VW, Galliero et al., and 
REFPROP8, for T=350 K isotherm (●), T=400 K isotherm (▲), and 
T=450 K isotherm (■), as a function of pressure (bar). H2S-CO2 Su-
percritical. X1 = 0.7 
 
Figure C79: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Vapour. X1 = 0.7 
 
 
Figure C81: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), and T=300 K isotherm (▲), as a function of pressure 
(bar). H2S-CO2 Liquid. X1 = 0.7 
 
 
 
Figure C83: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=350 K 
isotherm (●), T=400 K isotherm (▲), and T=450 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Supercritical. X1 = 0.7 
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Figure C84: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), T=300 K isotherm (▲), and T=350 K 
isotherm (■), as a function of pressure (bar). H2S-CO2 Vapour. X1 = 
0.8 
 
 
Figure C86: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), T=300 K isotherm (▲), and T=350 K 
isotherm (■), as a function of pressure (bar). H2S-CO2 Liquid. X1 = 
0.8 
 
 
 
Figure C88: Predicted Viscosity of VW, Galliero et al., and 
REFPROP8, for T=400 K isotherm (▲), and T=450 K isotherm (■), 
as a function of pressure (bar). H2S-CO2 Supercritical. X1 = 0.8 
 
Figure C85: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), T=300 K isotherm (▲), and T=350 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Vapour. X1 = 0.8 
 
 
Figure C87: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), T=300 K isotherm (▲), and T=350 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Liquid. X1 = 0.8 
 
 
 
Figure C89: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=400 K 
isotherm (▲), and T=450 K isotherm (■), as a function of pressure 
(bar). H2S-CO2 Supercritical. X1 = 0.8 
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Figure C90: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), T=300 K isotherm (▲), and T=350 K 
isotherm (■), as a function of pressure (bar). H2S-CO2 Vapour. X1 = 
0.9 
 
 
Figure C92: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), T=300 K isotherm (▲), and T=350 K 
isotherm (■), as a function of pressure (bar). H2S-CO2 Liquid. X1 = 
0.9 
 
 
 
Figure C94: Predicted Viscosity of VW, Galliero et al., and 
REFPROP8, for T=400 K isotherm (▲), and T=450 K isotherm (■), 
as a function of pressure (bar). H2S-CO2 Supercritical. X1 = 0.9 
 
Figure C91: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), T=300 K isotherm (▲), and T=350 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Vapour. X1 = 0.9 
 
 
Figure C93: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), T=300 K isotherm (▲), and T=350 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Liquid. X1 = 0.9 
 
 
 
Figure C95: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=400 K 
isotherm (▲), and T=450 K isotherm (■), as a function of pressure 
(bar). H2S-CO2 Supercritical. X1 = 0.9 
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Figure C96: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), T=300 K isotherm (▲), and T=350 K 
isotherm (■), as a function of pressure (bar). H2S-CO2 Vapour. X1 = 
1.0 
 
 
Figure C98: Predicted Viscosity of VW, Galliero et al. , REFPROP8, 
for T=250 K isotherm (●), T=300 K isotherm (▲), and T=350 K 
isotherm (■), as a function of pressure (bar). H2S-CO2 Liquid. X1 = 
1.0 
 
 
 
Figure C100: Predicted Viscosity of VW, Galliero et al., and 
REFPROP8, for T=400 K isotherm (▲), and T=450 K isotherm (■), 
as a function of pressure (bar). H2S-CO2 Supercritical. X1 = 1.0 
 
Figure C97: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), T=300 K isotherm (▲), and T=350 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Vapour. X1 = 1.0 
 
 
Figure C99: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=250 K 
isotherm (●), T=300 K isotherm (▲), and T=350 K isotherm (■), as a 
function of pressure (bar). H2S-CO2 Liquid. X1 = 1.0 
 
 
 
Figure C101: Deviations (%), of Galliero et al., and REFPROP8, 
compared to VW predicted H2S-CO2 mixture viscosity, for T=400 K 
isotherm (▲), and T=450 K isotherm (■), as a function of pressure 
(bar). H2S-CO2 Supercritical. X1 = 1.0 
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Figure C102: Predicted Viscosity of VW (◊), Galliero et al. (▲), and 
REFPROP8 (●), for T=300 K and P=1 bar, as a function of H2S mole 
fraction X1. H2S-CO2 Vapour. 
 
 
Figure C104: Predicted Viscosity of VW (◊), Galliero et al. (▲), and 
REFPROP8 (●), for T=300 K isotherm and P=20 bar, as a function 
of H2S mole fraction X1. H2S-CO2 Vapour. 
 
 
Figure C106: Predicted Viscosity of VW (◊), Galliero et al. (▲), and 
REFPROP8 (●), for T=250 K isotherm and P=100 bar, as a function 
of H2S mole fraction X1. H2S-CO2 Liquid. 
 
 
 
Figure C103: Excess viscosity [ ∆𝜼 = 𝜼𝒎𝒊𝒙𝒕𝒖𝒓𝒆 − 𝑿𝟏𝜼𝑯𝟐𝑺 − 𝑿𝟐𝜼𝑪𝑶𝟐 ] 
of VW (◊), Galliero et al. (▲), and REFPROP8 (●), for T=300 K and 
P=1 bar, as a function of H2S mole fraction X1. H2S-CO2 Vapour. 
 
 
Figure C105: Excess viscosity [ ∆𝜼 = 𝜼𝒎𝒊𝒙𝒕𝒖𝒓𝒆 − 𝑿𝟏𝜼𝑯𝟐𝑺 − 𝑿𝟐𝜼𝑪𝑶𝟐 ] 
of VW (◊), Galliero et al. (▲), and REFPROP8 (●), for T=300 K and 
P=20 bar, as a function of H2S mole fraction X1. H2S-CO2 Vapour. 
 
 
Figure C107: Excess viscosity [ ∆𝜼 = 𝜼𝒎𝒊𝒙𝒕𝒖𝒓𝒆 − 𝑿𝟏𝜼𝑯𝟐𝑺 − 𝑿𝟐𝜼𝑪𝑶𝟐 ] 
of VW (◊), Galliero et al. (▲), and REFPROP8 (●), for T=250 K and 
P=100 bar, as a function of H2S mole fraction X1. H2S-CO2 Vapour. 
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Figure C108: Predicted Viscosity of VW (◊), Galliero et al. (▲), and 
REFPROP8 (●), for T=300 K and P=500 bar, as a function of H2S 
mole fraction X1. H2S-CO2 Liquid. 
 
 
Figure C110: Predicted Viscosity of VW (◊), Galliero et al. (▲), and 
REFPROP8 (●), for T=400 K and P=100 bar, as a function of H2S 
mole fraction X1. H2S-CO2 Supercritical. 
 
 
 
Figure C112: Predicted Viscosity of VW (◊), Galliero et al. (▲), and 
REFPROP8 (●), for T=450 K and P=500 bar, as a function of H2S 
mole fraction X1. H2S-CO2 Supercritical. 
 
 
Figure C109: Excess viscosity [ ∆𝜼 = 𝜼𝒎𝒊𝒙𝒕𝒖𝒓𝒆 − 𝑿𝟏𝜼𝑯𝟐𝑺 − 𝑿𝟐𝜼𝑪𝑶𝟐 ] 
of VW (◊), Galliero et al. (▲), and REFPROP8 (●), for T=300 K and 
P=500 bar, as a function of H2S mole fraction X1. H2S-CO2 Liquid. 
 
 
Figure C111: Excess viscosity [ ∆𝜼 = 𝜼𝒎𝒊𝒙𝒕𝒖𝒓𝒆 − 𝑿𝟏𝜼𝑯𝟐𝑺 − 𝑿𝟐𝜼𝑪𝑶𝟐 ] 
of VW (◊), Galliero et al. (▲), and REFPROP8 (●), for T=400 K and 
P=100 bar, as a function of H2S mole fraction X1. H2S-CO2 Super-
critical. 
 
 
Figure C113: Excess viscosity [ ∆𝜼 = 𝜼𝒎𝒊𝒙𝒕𝒖𝒓𝒆 − 𝑿𝟏𝜼𝑯𝟐𝑺 − 𝑿𝟐𝜼𝑪𝑶𝟐 ] 
of VW (◊), Galliero et al. (▲), and REFPROP8 (●), for T=450 K and 
P=500 bar, as a function of H2S mole fraction X1. H2S-CO2 Super-
critical. 
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Figure C114: Deviations (%) as a function of H2S mole fraction X1 , 
of Galliero et al. (▲) and REFPROP8 (●) from VW method, for H2S-
CO2 vapour (T=300 K,  P=1 bar). 
 
 
Figure C116: Deviations (%) as a function of H2S mole fraction X1 , 
of Galliero et al. (▲) and REFPROP8 (●) from VW method, for H2S-
CO2 liquid (T=250 K,  P=100 bar). 
 
 
 
Figure C118: Deviations (%) as a function of H2S mole fraction X1 , 
of Galliero et al. (▲) and REFPROP8 (●) from VW method, for H2S-
CO2 supercritical (T=400 K,  P=100 bar). 
 
 
Figure C115: Deviations (%) as a function of H2S mole fraction X1 , 
of Galliero et al. (▲) and REFPROP8 (●) from VW method, for H2S-
CO2 vapour (T=300 K,  P=20 bar). 
 
 
Figure C117: Deviations (%) as a function of H2S mole fraction X1 , 
of Galliero et al. (▲) and REFPROP8 (●) from VW method, for H2S-
CO2 liquid (T=300 K,  P=500 bar). 
 
 
 
Figure C119: Deviations (%) as a function of H2S mole fraction X1 , 
of Galliero et al. (▲) and REFPROP8 (●) from VW method, for H2S-
CO2 supercritical (T=450 K,  P=500 bar). 
 
 
 
 
 
 
 
 
-8
-6
-4
-2
0
2
4
6
8
0.0 0.2 0.4 0.6 0.8 1.0
1
0
0
 ∙ 
(η
C
al
c 
- 
η
re
f)
 /
 η
re
f 
H2S mole fraction (X1) 
H2S-CO2 Vapour (T=300 K, P= 1 bar) 
Galliero et al. REFPROP8
-8
-6
-4
-2
0
2
4
6
8
0.0 0.2 0.4 0.6 0.8 1.0
1
0
0
 ∙ 
(η
C
al
c 
- 
η
re
f)
 /
 η
re
f 
H2S mole fraction (X1) 
H2S-CO2 Liquid (T=250 K, P= 100 bar) 
Galliero et al. REFPROP8
-12
-10
-8
-6
-4
-2
0
2
4
6
8
10
0.0 0.2 0.4 0.6 0.8 1.0
1
0
0
 ∙ 
(η
C
al
c 
- 
η
re
f)
 /
 η
re
f 
H2S mole fraction (X1) 
H2S-CO2 Supercritical (T=400 K, P= 100 bar) 
Galliero et al. REFPROP8
-8
-6
-4
-2
0
2
4
6
8
0.0 0.2 0.4 0.6 0.8 1.0
1
0
0
 ∙ 
(η
C
al
c 
- 
η
re
f)
 /
 η
re
f 
H2S mole fraction (X1) 
H2S-CO2 Vapour (T=300 K, P= 20 bar) 
Galliero et al. REFPROP8
-8
-6
-4
-2
0
2
4
6
8
0.0 0.2 0.4 0.6 0.8 1.0
1
0
0
 ∙ 
(η
C
al
c 
- 
η
re
f)
 /
 η
re
f 
H2S mole fraction (X1) 
H2S-CO2 Liquid (T=300 K, P= 500 bar) 
Galliero et al. REFPROP8
-8
-6
-4
-2
0
2
4
6
8
0.0 0.2 0.4 0.6 0.8 1.0
1
0
0
 ∙ 
(η
C
al
c 
- 
η
re
f)
 /
 η
re
f 
H2S mole fraction (X1) 
H2S-CO2 Supercritical (T=450 K, P= 500 bar) 
Galliero et al. REFPROP8
[Viscosity of Acid Gas]  73 
 
APPENDIX REFERENCES 
 
Maitland, G.C., Rigby, M., Smith, E.B., and Wakeham, W.A., (1981): “Intermolecular forces—their origin and determination,” Clarendon  
             Press, Oxford. 
Poling, B.E., Prausnitz, J.M., and O’Conell, J.P., (2001): The Properties of Gases and Liquids, 5th Edition, McGraw-Hill, New York;  
           London. 
Royal, D.D., Vesovic, V., Trusler, J.P.M., and Wakeham, W.A., (2005): “Predicting the viscosity of liquid refrigerant blends: comparison 
           with experimental data,” International Journal of Refrigeration 28: 311-319. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
